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ABSTRACT 
The focus of this work is to design and implement resonators for ultra-stable high-
frequency (>100MHz) silicon-based MEMS oscillators. Specifically, two novel types of 
resonators are introduced that push the performance of silicon-based MEMS resonators 
to new limits. Thin film Piezoelectric-on-Silicon (TPoS) resonators have been shown to 
be suitable for oscillator applications due to their combined high quality factor, coupling 
efficiency, power handling and doping-dependent temperature-frequency behavior. This 
thesis is an attempt to utilize the TPoS platform and optimize it for extremely stable high-
frequency oscillator applications. 
To achieve the said objective, two main research venues are explored. Firstly, 
quality factor is systematically studied and anisotropy of single crystalline silicon (SCS) is 
exploited to enable high-quality factor side-supported radial-mode (aka breathing mode) 
TPoS disc resonators through minimization of anchor-loss. It is then experimentally 
demonstrated that in TPoS disc resonators with tethers aligned to [100], unloaded quality 
factor improves from ~450 for the second harmonic mode at 43 MHz to ~11,500 for the 
eighth harmonic mode at 196 MHz.  
Secondly, thickness quasi-Lamé modes are studied and demonstrated in TPoS 
resonators for the first time. It is shown that thickness quasi-Lamé modes (TQLM) could 
be efficiently excited in silicon with very high quality factor (Q). A quality factor of 23.2 k 
is measured in vacuum at 185 MHz for a fundamental TQLM-TPoS resonators designed 
within a circular acoustic isolation frame. Quality factor of 12.6 k and 6 k are also 
 iv 
measured for the second- and third- harmonic TQLM TPoS resonators at 366 MHz and 
555 MHz respectively. Turn-over temperatures between 40 °C to 125 °C are also 
designed and measured for TQLM TPoS resonators fabricated on degenerately N-doped 
silicon substrates. The reported extremely high quality factor, very low motional 
resistance, and tunable turn-over temperatures >80 ºC make these resonators a great 
candidate for ultra-stable oven-controlled high-frequency MEMS oscillators. 
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CHAPTER 1: INTRODUCTION 
Since the invention of Micro-electro-mechanical systems (MEMS) in 1960’s, their 
application in different microelectronic market has been continuously growing over the 
past decades. Recently, MEMS seize a fair share in inertial sensors, gyroscopes, filter 
and recently timing commercial market. Their application could vary from gyroscopes [1] 
[2], accelerometers [3] [4], sensors [5] [6] [7] [8], bio sensors and microfluidic devices [9] 
[10], filters [11] [12] to oscillators in timing applications [13] [14] [15]. 
Oscillators generate a synchronizing heartbeat signal in most electrical devices 
(frequency clock in data transmission, frequency up and down transmission in RF 
transceivers (radio frequency communication), global positioning systems and etc). The 
two essential components of an oscillator are an amplifier and a frequency-selective 
component (i.e. resonator) that is placed in the amplifier feedback loop. For decades, off-
chip quartz crystals had dominated the oscillator market as the frequency-selective 
component. Recently, MEMS resonators have been receiving great deal of attention as 
a candidate for replacing quartz in certain applications due to offering extremely small 
packages and a potential for integration with microelectronic circuits on the silicon 
substrate. In addition to what mentioned above, MEMS based oscillators has additional 
advantages such as lower sensitivity to acceleration due to their smaller size, Lower 
Electromagnetic (EM) sensitivity and slower aging.  
Regardless of the specific application, the resonator quality factor (Q) directly 
impacts the system performance as it basically determines the noise floor [14]. However, 
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optimization of quality factor is a complicated process as the physics of loss is not fully 
understood and hard to control in most cases.  
This dissertation is prepared in seven chapters. The current chapter, chapter one, 
provides an introduction to the work presented in this dissertation. In chapter two, a 
background would be presented to the basic concepts of MEMS resonators specifically 
thin film piezoelectric on silicon (TPoS resonators), different transduction mechanisms 
and etc. In Chapter three, a detailed fabrication process for the devices presented in this 
dissertation is presented. The fabrication difficulties and also the solutions to overcome 
these problems are discussed thoroughly. A method to improve the quality factor for side 
supported piezoelectric disc resonators is presented in chapter four. These resonators 
are fabricated with TPoS (AlN on Silicon) topology. The preliminary results are presented 
and the quality factor data for these resonators are compared with the data for the 
resonators in the same frequency range. Thickness Quasi Lamé Mode (TQLM) 
resonators are introduced in chapter five. TQLM resonators are a new class of MEMS 
resonators. The quality factor for this vibration mode in TPoS resonators is also explored 
for these resonators. The Temperature Coefficient of Frequency (TCF) is also studied 
and above 80 °C turn-over temperature is also reported for these piezoelectric resonators 
without the need for any additional oxide layer for the first time. In chapter six, a new 
method for depositing Fluorine doped silicon oxide is studied and also these films are 
used as an over layer in passive temperature compensation of TPoS resonators. Two 
times better thermal stability is measured compared to the resonators with pure oxide 
 3 
over layer and  finally, accomplishment in this dissertation would be briefly presented and 
potential future directions would be pointed out in Chapter seven.  
  
 4 
CHAPTER 2: BACKGROUND 
2.1 Transduction Mechanisms 
In MEMS resonators, first the electrical signal would be transformed to mechanical 
vibration and again that mechanical vibration is detected as an electrical signal in the 
output. There are different kind of transduction mechanism to link energy in the 
mechanical and electrical domain. These transduction mechanisms can be categorized 
as follow: 
 Piezoelectric transduction 
 Electrostatic transduction 
 Thermal transduction 
Electrostatic and piezoelectric transductions are the most common excitation 
methods for MEMS resonators. These two classes of MEMS resonator are introduced in 
more detail in the following sections. 
2.1.1 Electrostatic Transduction 
Electrostatic transduction is used in the capacitive resonators to actuate the resonance 
mode in the resonator structure. In these resonators, there is a narrow gap between the 
conductive resonator body and electrodes Figure 1. A DC polarization voltage is needed 
to effectively actuate the resonance mode using the capacitive transduction. For the 
capacitive resonators, the resonators are fabricated out of low loss acoustic materials 
such as single crystalline silicon and these resonators are made of single layer materials 
 5 
and because of that quality factors as high as few millions are reported for these 
resonators [16]. Because of the narrow gaps and large squeeze air damping loss, these 
resonators are needed to operate in vacuum [17].  
 
Figure 1. The schematic view of a Lamé mode capacitive resonator on the left and a 
SEM image of the capacitive resonator [18]. 
 
The motional impedance in the MEMS resonators are inversely proportional to quality 
factor and electromechanical coupling of the resonator. Despite the high quality factor of 
the capacitive resonators, very low coupling efficiencies of these resonators would cause 
high motional impedance. To improve the coupling efficiency, one should increase the 
overlap area or reduce the gap between the resonator and the actuation electrodes [19] 
[20]. Both these methods have limitations caused by fabrication limits. This problem would 
escalate as the frequency increases. In another technique, coupling efficiency would be 
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improved by filling these narrow gaps with high permittivity dielectric material however 
with this method both parasitic capacitance and quality factor are affected negatively [21] 
[22]. Despite all the progress in improving electromechanical coupling of the capacitive 
resonators, the main drawback of this class of MEMS resonators is still their relatively 
large motional resistance. 
2.1.2 Piezoelectric Transduction  
With piezoelectric transduction, electrical and mechanical energies are coupled using 
piezoelectric materials. All material with non-centrosymmetric crystalline structure would 
show piezoelectricity to some extent. Applying pressure to a piezoelectric material would 
create charge on this materials (direct piezoelectric effect) and also a piezoelectric 
material would deform in the presence of an electric field (reverse piezoelectric effect). 
The general constitutive equations of piezoelectricity would define how the electrical and 
mechanical energies are coupled for piezoelectric materials and are as follow: 
 
𝐷 = 𝑑 𝑇 + 𝜀𝑇𝐸 ( 2-1 ) 
𝑆 = 𝑠𝐸  𝑇 + 𝑑𝑡 𝐸 ( 2-2 ) 
 
Where D is the electrical displacement, d is piezoelectric constant, T is stress, 𝜀𝑇is 
permittivity at a constant stress, E is electric field, S is strain and 𝑠𝐸 is compliance at a 
constant electric field. In these equations D3×1, S6×1 and T3×1 are vectors and the constants 
are tensors (d3×6., 𝜀3×3, 𝑠6×6). 
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Equation (2-1) can be expanded as follow: 
[
𝐷1
𝐷2
𝐷3
] = [
𝑑11
𝑑21
𝑑31
𝑑12
𝑑22
𝑑32
𝑑13
𝑑23
𝑑33
𝑑14
𝑑24
𝑑34
𝑑15
𝑑25
𝑑35
𝑑16
𝑑26
𝑑36
]
[
 
 
 
 
 
𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6]
 
 
 
 
 
+ [
𝜀11 𝜀12 𝜀13
𝜀21 𝜀22 𝜀23
𝜀31 𝜀32 𝜀33
] [
𝐸1
𝐸2
𝐸3
] ( 2-3) 
Piezoelectric resonators are constructed of a piezoelectric layer either sandwiched 
between two conductive electrode layers (transverse field excitation) [23] or beneath 
conductive layer (lateral filed excitation) [24]. Electric filed would be applied to the 
piezoelectric layer through these conductive electrodes and when the frequency of the 
applied electric filed match one of the natural resonance frequencies of the resonator 
structure the resonance mode would be excited. A piezoelectric resonator is shown in 
Figure 2. 
 
Figure 2. The schematic of a first order lateral-extensional piezoelectric resonator (a) and 
the SEM image of the same resonator [25]. 
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Due to strong electromechanical coupling efficiencies of piezoelectric resonators, the 
motional impedance of these resonators are considerably smaller than their capacitive 
counterparts, specifically for higher frequencies. With piezoelectric transduction, GHz 
resonators could be implemented effortlessly while it was out of reach with capacitive 
transduction. In this dissertation Aluminum nitride (AlN) and Scandium doped AlN (ScAlN) 
are used as the piezoelectric material for transduction of vibrational modes. The 
piezoelectric coefficient matrix of AlN is as follow [26]: 
[
0
0
𝑑31
  
0
0
𝑑32
  
0
 0
𝑑33
  
0
𝑑15
0
  
𝑑15
0
0
  
0
0
0
] (𝐶𝑚−2) = [
0
0
−0.58
0
0
  −0.58   
0
0
1.55
  
0
−0.48
0
  
−0.48
0 
0
  
0
0
0
] ( 2-4) 
 
Although AlN has lower coupling efficiencies compared to other piezoelectric 
materials such as Zinc oxide (ZnO) and Lithium Niobate (LiNbO3) but due to their high 
acoustic velocity, ease of fabrication (CMOS-compatible) and their high electrical 
resistivity, AlN and ScAlN are great candidates for piezoelectric MEMS resonators. The 
ScAlN film can be sputtered such as AlN film. Larger coupling efficiencies are reported 
for the resonators with ScAlN as the piezoelectric layer compared to pure AlN resonators 
[27].  
On the other hand, the quality factor of the piezoelectric resonators is smaller than 
capacitive ones. Common piezoelectric materials such as Lead Zirconium Titanate (PZT), 
Lithium Niobate (LiNbO3) , Aluminum Nitride (AlN), Scandium doped AlN (ScAlN) and etc. 
are not low loss materials and in addition interface loss would also be strong due to the 
scattering of energy between electrodes and piezoelectric layer for these resonators 
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hence the quality factor of the piezoelectric resonators are considerably smaller than the 
capacitive resonators. 
2.2 TPoS Resonators 
Thin film piezoelectric on substrate (TPoS) resonators are a subclass of piezoelectric 
resonators. In this resonators, a layer of piezoelectric material is a sandwiched between 
two metallic electrode layer is placed on top of a relatively thick substrate. The substrate 
material is often a low acoustic loss material with high acoustic velocity and high energy 
density such as single crystalline silicon or Diamond [12] [28]. A schematic view graph 
and SEM image of a TPoS resonator is shown in Figure 3. 
Since a big portion of the resonator is made out of low loss material, TPoS resonators 
quality factor is larger than pure piezoelectric resonators [29] and in addition due to large 
coupling efficiency of the piezoelectric layer, the motional impedance of these resonators 
are considerably smaller than the capacitive resonators. These TPoS resonators offer the 
advantages of both piezoelectric and capacitive worlds. These resonators have better 
power handling compared to both capacitive and piezoelectric resonators. [30] and also 
the temperature coefficient of frequency can also be smaller compared to Piezoelectric 
resonators [31]. 
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Figure 3. The schematic of a TPoS third order lateral extensional resonator (a) and the 
SEM image of fifth order quasi thickness Lamé TPoS resonator (b). 
2.3 MEMS Based Oscillators 
 Oscillators are the heartbeats of most electrical systems and they are constructed of 
an amplifier circuitry with a frequency selective component (resonator) in the feedback 
(Figure 4). One of the main measures for the oscillators is the jitter (Figure 5). Resonator 
quality factor is directly affecting jitter and hence mechanical resonators are preferred to 
electrical counterparts in stable oscillator applications due to their larger quality factors 
[32].  
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Figure 4. The block diagram for an oscillator circuit. 
 
Figure 5. An ideal clock compared to a real clock. 
For decades off-chip quartz crystals have dominated the oscillator market. 
Recently MEMS resonators have been studied thoroughly as a replacement for quartz 
crystals and they are started to replace quartz crystals in the oscillator commercial market 
as well due to their small size, the fact that these MEMS resonators could be fabricated 
along with other circuits on the same chip, their lower vibration and electromagnetic 
interference sensitivity, their lower defective part per million and their better mean time 
between failure. In addition to all of that, these resonance frequency of the MEMS 
resonators could go as high as few GHz while the resonance frequency of Quartz crystals 
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are limited to few hundreds of MHz. The quality factor and thermal stability of these 
resonators would greatly impact the oscillator performance. 
2.4 Oscillator Stability  
The stability of the oscillators could be classified into non-deterministic and 
deterministic frequency stability [33].  
2.4.1 Non-Deterministic Frequency Stability 
The frequency spectrum of any oscillator is expected to have only one single 
frequency. Non-deterministic short term noises such as flicker noise and white noise in 
the oscillator circuit would cause frequency fluctuation in short term and also would widen 
the oscillator spectrum. These noises would define the oscillator jitter and phase noise. 
RMS jitter could be calculated by integrating a frequency band of the phase noise 
spectrum.  
The effect of oscillator component on the phase noise can be explained with Leeson 
model [34]. Based on Leeson model oscillator phase noise can be estimated with 
following formula: 
Г(𝑓) =
𝐹𝐾𝑇
2𝑃0
(
1
4×𝑄𝑙𝑜𝑎𝑑𝑒𝑑
2  (
𝑓𝑠
𝑓
)
2
+ 1) ( 2-5 ) 
  
Where Г(𝑓)is the oscillator phase noise at frequency offset 𝑓  from carrier, F is the 
noise figure of the amplifier, k is Boltzmann’s constant, T the absolute temperature 𝑓𝑠 is 
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the carrier frequency and 𝑄𝑙𝑜𝑎𝑑𝑒𝑑 is the loaded quality factor. These short term circuit 
noise would be filtered by the frequency selective component in the feedback and as the 
quality factor of this frequency selective component is higher, the better this noise would 
be filtered which would translate into lower jitter and phase noise. 
2.4.2 Deterministic Frequency Stability 
 The oscillation frequency should be stable over a long period of time. The oscillation 
frequency would be defined by the resonance frequency of the resonator in the feedback. 
The resonance frequency of the resonator is dependent on the material properties of the 
resonator such as stiffness and density of the film. External parameters such as aging, 
temperature, vibration and etc. would affect these material properties and hence would 
affect the stability of these oscillators. 
In this dissertation, both deterministic and non-deterministic oscillator stability is 
addressed by designing resonators with both high quality factor and high thermal stability. 
TPoS platform is chosen for the resonator design due to their superior quality factor 
compared to pure piezoelectric resonators. TPoS resonators are great candidates for 
oscillator applications because of their relatively high quality factor, low motional 
resistance, high power handling and the fact that their temperature dependent frequency 
fluctuations could be passively compensated with doping the silicon in the resonator 
stack. 
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CHAPTER 3: FABRICATION PROCESS OF THIN FILM 
PIEZOELECTRIC ON SUBSTRATE RESONATORS 
In this chapter the process flow for the fabrication of the TPoS resonators is 
discussed. The fabrication process in each step is explained in detail and solutions for 
practical problem is pointed out and solved. 
The TPoS resonators are fabricated on SOI wafer in a six mask process. All the 
processes are low temperature. The thickness and resistivity of the silicon device layer 
are chosen based on the designs for TCF and quality factor. In the upcoming sections, 
each fabrication step is discussed in detail. 
3.1 Bottom Metal Deposition and Patterning 
As shown in Figure 6, the first step is bottom metal layer deposition and patterning. 
The bottom metal is sputtered and then dry etched in SF6/O2 plasma with RIE (Reactive 
Ion Etching) to form the opening under the pads to reduce the parasitic capacitances.  
The bottom material would act as a seed layer for the sputtered piezoelectric material 
on top and because of that it is crucial to pay careful attention in choosing a suitable metal 
material for the bottom metal. This bottom metal would also be exposed to Buffered Oxide 
Etchant (BOE) or Hydrofluoric acid in the next fabrication steps. Therefore, this metal 
should not be etched with BOE and HF or have a slow etch rate in these solutions. 
Molybdenum is chosen for the metal layer due to its small lattice and thermal expansion 
coefficient mismatch with piezoelectric material of choice in this work (Aluminum Nitride 
(AlN)) [35], low acoustic loss and high acoustic velocity [36] and slow etch rate in BOE 
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and HF. Molybdenum can get oxidize at relatively low temperature [37] and because of 
that the next fabrication steps should be designed carefully.  
 
Figure 6. The bottom metal deposition and patterning. Molybdenum is the material of 
choice for bottom metal. 
3.2 Piezoelectric Material Deposition 
Zinc Oxide (ZnO), Aluminum Nitride (AlN), Scandium doped AlN (ScAlN), Lithium 
Niobate (LiNbO3) and Lead zirconate titanate (PZT) are the common piezoelectric 
materials used in Piezo-MEMS resonators. Although piezoelectric materials such as PZT 
and LiNbO3 offers high piezoelectric coefficients, their fabrication processes are 
troublesome and not compatible with CMOS process. Fabrication process of AlN and 
ScAlN on the other hand, compatible with the CMOS process. In addition to their straight 
forward fabrication process, their high acoustic velocity, high electrical resistivity and 
moderate Temperature Coefficient of Elasticity (TCE) are the reasons behind our choice 
of AlN and ScAlN as piezoelectric material for the devices presented in this dissertation. 
SiO2 
Mo 
Si 
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A thin layer of AlN/ScAlN is sputtered on the bottom metal layer as shown in Figure 
7. The piezoelectric layers deposited in this work is sputtered on the SOI wafer by AM 
Systems INC.  
 
Figure 7. A thin layer of AlN is sputtered on the SOI wafer. 
3.3 Top Metal Deposition and Patterning 
The top metal is also sputtered on top of the deposited AlN. Molybdenum is used 
for the top metal as well. The deposited metal layer then patterned to create the top 
layer electrodes and contact pads for probing and wire bonding. S1813 is used as 
the positive photoresist to create a soft mask for the top metal etch. Molybdenum 
again etched in SF6/O2 plasma.  
 
SiO2 
Mo 
AlN 
Si 
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Figure 8. The top metal Mo sputtered on the AlN and then patterned to create top 
electrodes and contact pads. 
3.4 Bottom Electrode Access Pad 
In this step the piezoelectric layer (AlN or ScAlN) is wet etched to create access to 
the bottom metal. This opening would be used to apply electrical signal to the piezoelectric 
material for transverse filed excitation of the resonators. These bottom metal pads could 
be used for wire bonding or micro probe measurements. 
A 500 nm thick silicon oxide is deposited with PECVD. The Oxide layer is then 
patterned using PR1-4000 positive photoresist and the silicon oxide layer is etched with 
CF4/O2 plasma in RIE. This silicon oxide hard mask is then used for wet etching of AlN 
in heated (80 °C ) MF3-19 developer (Figure 9). For 20% Scandium doped AlN, an 
alteration of Heated MF3-19 and Sulfuric acid is used to etch the ScAlN layer. With this 
alteration, ScAlN is etched with a rate of 200 nm/minute. 
SiO2 
Mo 
AlN 
Si 
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Figure 9. The AlN layer is wet etched to create access to the bottom metal. 
3.5 Gold Over Layer Deposition 
A thin layer of Gold is deposited on the pads to create good ohmic contact for probing 
and also for ease of wire bonding. A very thin layer of Titanium (25 nm) is evaporated 
before Gold deposition for creating good adhesion between Molybdenum and Gold 
layers. After that, a 75 nm gold layer is evaporated using E-Beam and then patterned 
using Lift off (Figure 10). 
SiO2 
Mo 
AlN 
Si 
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Figure 10. A thin layer of Gold is evaporated and then patterned using lift off for creating 
ohmic contact. 
3.6 Device Stack Etch 
The Mo/AlN/Mo/Si stack is etched in this step to define the resonator structures. The 
AlN (or ScAlN) is dry etched in Chlorine/Argon plasma in an inductive Coupled Plasma 
(ICP) tool. For this step photoresist mask could not be used since the photoresist mask 
would be etched fast in Cl2 plasma. An oxide hard mask is used for this step. Again 3 μm 
to 4 μm of silicon oxide is deposited on the wafer. The thickness of Silicon oxide layer is 
dependent on the thickness of AlN, whether we are etching ScAlN or AlN and also the 
thickness of silicon device layer underneath. The silicon oxide layer is then etched in 
CF4/O2 plasma in an ICP tool. For dry etching ScAlN, an Cl2/ Ar/ BCl3 plasma is used and 
the ScAlN layer is etched with an etch rate of 100 nm/ minute and selectivity of 1:1 for 
ScAlN/ Silicon oxide layer.  
SiO2 
Mo 
AlN 
Si 
Au 
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The Silicon layer is then etched in SF6 plasma with a Bosch process in an DRIE 
STS tool. An SOI recipe is used to prevent notching.  
 
Figure 11. The stack of Mo/AlN/Mo/Si is etched to define the resonator structure. 
3.7 Back Side Etching 
In this step release holes would be etched from the back side of the silicon wafer 
to create opening underneath the resonator device layer. The silicon is again etched 
in SF6 plasma with Bosch process in a DRIE STS tool. The Box Oxide layer would 
act as an etch stop for silicon etch (Figure 12).  
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Figure 12. The silicon would be etched from backside of the wafer to create openings 
beneath the resonators. 
3.8 Device Release 
In the last fabrication step, the resonators are released by etching the Box oxide 
layer in BOE. After the devices are released. This BOE etch would etched all the silicon 
layers remained on the top side of the wafer as well as the Box oxide. 
SiO2 
Mo 
AlN 
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Au 
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Figure 13. The resonators are released by etching the Box oxide layer in BOE. 
The Scanning Electron Microscopy(SEM) image of some of the selected resonators 
fabricated for this dissertation is shown in Figure 14. 
 
Figure 14. The SEM image of two selected resonator presented in this dissertation. 
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CHAPTER 4:  
SIDE-SUPPORTED RADIAL-MODE THIN-FILM PIEZOELECTRIC-
ON-SILICON DISC RESONATOR  
1 
Regardless of the specific application, the resonator quality factor (Q) directly 
impacts the system performance as it basically determines the noise floor [14]. However, 
optimization of quality factor is a complicated process as the physics of loss is not fully 
understood and hard to control in most cases. Quality factor is a measure of energy loss 
in a resonance system.  Energy loss in resonators could be categorized into two general 
groups of intrinsic and extrinsic losses [38]. Intrinsic losses are principally linked to the 
material properties whereas extrinsic losses strongly depend on design and 
implementation of the resonators. Dielectric loss (1/𝑄𝑑𝑖𝑒), phonon-phonon interaction 
loss (1/𝑄𝑝−𝑝), which includes Akheiser loss [39] and thermo-elastic dissipation (TED) [40] 
are examples of intrinsic loss in resonators. On the other hand, anchor loss (1/𝑄𝑎𝑛𝑐), 
air/fluid damping loss (1/𝑄𝑎𝑖𝑟), ohmic loss (1/𝑄𝑜ℎ𝑚) , and interface losses (1/Qinterface) are 
examples of extrinsic loss in resonators and these losses could be reduced by proper 
design and operation in controlled environment (e.g. operation in partial vacuum). The 
overall Q of the resonator could be written as a function of these different loss 
components: 
                                            
1 Material used in this chapter is partially taken from the published papers: 
 S. Shahraini, M. Shahmohammadi and R. Abdolvand, "Support loss evasion in breathing-mode high-order silicon disc 
resonators," 2017 IEEE International Ultrasonics Symposium (IUS), Washington, DC, 2017, pp. 1-4. 
 S. Shahraini, M. Shahmohammadi, H. Fatemi and R. Abdolvand, "Side-Supported Radial-Mode Thin-Film Piezoelectric-on-Silicon 
Disk Resonators," in IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 66, no. 4, pp. 727-736, April 
2019. 
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From this equation it is clear that if the quality factor associated with any of the 
individual sources of loss is small relative to others, then 𝑄𝑡𝑜𝑡 would be dominated by that 
mechanism (i.e. the largest energy loss). At room temperature and at frequencies below 
200 MHz (highest frequency studied in this paper), in silicon resonators, ppQ    is above 
125000 [41]. Air damping could also be avoided through the operation of resonator in 
partial vacuum. Ohmic loss could potentially be a major component of energy loss when 
the motional resistance of the resonator is comparable to the equivalent electrical 
resistance of the conductive signal path. However, this is not the case in this work as the 
resonators are not optimized for low motional resistance.  
On the other hand, anchor loss [42] [29] and interface loss [43] [44] are the main 
sources of loss in piezoelectric-on-silicon MEMS resonators.  Specifically, anchor loss is 
believed to be a significant source of energy loss at the high end of very high frequency 
(VHF) band. As the dimensions of the suspension tethers become comparable to the 
acoustic wavelength, considerable amount of stress could be applied to tether-resonator 
boundary in each cycle of vibration. This creates a stress wave which would propagate 
through the substrate transferring a portion of the acoustic energy from the resonating 
body to the substrate. Because the substrate is relatively large, the energy escaped 
 
1
𝑄𝑡𝑜𝑡
=
1
𝑄𝑑𝑖𝑒
+
1
𝑄𝑝−𝑝
+
1
𝑄𝑎𝑛𝑐
+
1
𝑄𝑎𝑖𝑟
+
1
𝑄𝑜ℎ𝑚
+
1
𝑄𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
 + 
1
𝑄𝑜𝑡ℎ𝑒𝑟
 
 
 
( 4-1 )  
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through the tethers would be mostly scattered and damped in the substrate. Therefore, 
anchor loss is believed to be a significant source of loss in contour-mode resonators.  
A common approach to avoid excessive anchor loss is by placing the anchors at 
nodal points of the targeted resonance mode (i.e. regions with near-zero displacement 
on the acoustic cavity). Due to the near-zero displacement of these points, a minimal 
force would be exerted to the tether interface and anchor loss would be minimized [45] 
[46] [47]. The resonator/tether geometry and size could also be optimized to reduce the 
amount of acoustic energy lost through the tethers [42] [48] however such technics are 
not effective when the tether is not located on the nodal points of the resonance mode 
shape. Alternatively, one could redesign the resonant cavity so that some of the acoustic 
energy escaping through the tethers is reflected back. This technique has been 
accomplished either by designing a phononic crystal structure close to (or on) the tethers 
[49] [50] or by utilizing structures which function as a classical acoustic reflector [29] [51] 
[52].   
It is noteworthy that side-supported wine-glass-mode piezoelectric-based disc 
resonator have recently been studied in [53] [54]. For these resonators, the resonator 
structure is supported from four minimum displacement points around the resonator and 
the anchor loss is managed by tether design optimization. However, with the exception 
of our recent publication [23] [55], thin-film piezoelectric radial-mode disc resonators have 
not been studied as a center-supported design was believed to be the only reasonable 
design for such modes and the application of a center-supported structure was deemed 
complicated. This work provides both theoretical and experimental evidence for viability 
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of side-support radial-mode resonator on crystalline silicon and their performance 
superiority as the measured f.Q figure of merit for the proposed side-supported radial-
mode disc resonators is about four times higher than the side-supported wine-glass 
counterparts in [53]and about forty times higher than those in [54] a testament to the 
effectiveness of our approach in minimizing anchor loss. 
In this dissertation, it is shown that silicon anisotropy could be exploited to minimize 
anchor loss for side-supported radial-mode thin-film piezoelectric-on-silicon (TPoS) disc 
resonators at VHF band. TPoS resonators have shown to offer some of the best f.Q 
values amongst high frequency MEMS resonators reported in the past [56][20] and 
contour-mode disc resonators are amongst the most attractive designs in the literature 
[57] [58]. One of the reasons for the popularity of this specific design is the symmetry of 
the resonant cavity which results in the center of the disc to be a node for all resonance 
modes, hence high Q could be achieved by suspending the device from the center [57]. 
On the other hand, side-supported radial-mode disc resonators will have limited Q if not 
designed properly. 
4.1 Analysis of The Radial Mode in SCS 
The resonators studied in this work are designed to operate in radial (breathing) 
resonance mode [53]. One of the most effective approaches to minimize anchor loss for 
this mode is to suspend the resonant body from the center of the disc where the 
displacement is virtually zero. However, from the fabrication point of view, center-
supported designs are generally not convenient to implement and specifically 
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troublesome to manufacture in TPoS structures as multiple isolated metal paths have to 
be routed to the suspended structure through the support stem. Thin-film piezoelectric 
resonators are commonly supported from the outer edge of the resonator body which is 
not conventionally considered an option with radial disc resonators. 
For isotropic materials such as sputtered AlN, polycrystalline diamond and 
polycrystalline silicon, the in-plane acoustic velocity is not direction dependent and 
consequently the displacement is uniform at the edge of the resonator body for a radial 
mode disc resonator, regardless of the harmonic number (as shown in Figure 15). 
Therefore, there is no nodal point at the edge of the disc resonator and the only way to 
support the structure without substantially limiting the Q is to support it from the center. 
A similar modal analysis reveals that contrary to the case for isotropic materials, for 
single crystalline silicon a non-uniform displacement field in the radial-mode disc 
resonators is established (Figure 16). Single crystalline silicon has a cubic symmetry and 
its effective Young’s modulus is orientation dependent and could vary up to 45% for 
different crystalline planes [59]. Main crystalline planes of single crystalline silicon are 
[100], [110] and [111] and sound velocity in [110] direction is higher than sound velocity 
in [100] direction (7460 m/s in [100] and 8540 m/s in [110]). 
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Figure 15. The simulated total displacement for first- (a) and fourth- (b) harmonic radial 
resonance mode of a disc structure made from material with isotropic acoustic velocity. 
No nodal points on the edge of the disc. 
 
Figure 16.The simulated total displacement for first- (a) and fourth- (b) harmonic radial 
resonance modes of a disc structure made on a [100] single crystalline silicon substrate. 
Pseudo-nodal points appear on the edges for higher harmonics (e.g. fourth-harmonic) 
As seen in Figure 16, the total displacement at the disc edge is much larger in [110] 
direction compared to the [100] direction. This non-uniformity is more prominent for high 
order harmonic resonance modes, rendering pseudo-nodal points to appear on the edges 
(e.g. fourth-harmonic in Figure 16.b). We will exploit such nodal points to support the 
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structure from the edges while preserving the Q. Results of modal analysis for fourth-
harmonic disc resonators with suspension tethers aligned to [100] and [110] crystalline 
planes are shown in Figure 17. As expected tethers would distort the mode shape for the 
radial-mode disc resonator on a [100] silicon wafer if the tethers are aligned to [110] 
crystalline plane. For the same resonator rotated by 45°, tethers would be aligned to [100] 
crystalline orientation and the mode shape would not be distorted due to the minimal 
displacement of the tether-resonator interface boundary. 
 
Figure 17.The simulated total displacement for fourth-order radial-mode SCS disc 
resonator with tethers aligned to [100] crystalline plane (a) and with tethers aligned to 
[110] crystalline plane (b) with fixed boundary condition at the outer edges of the tethers. 
4.2 Finite Element Modeling 
4.2.1 Anchor Loss Modeling 
MEMS resonators are often much smaller than the frame to which they are connected 
and as a result, the frame/substrate could be assumed a semi-infinite media. Although, 
tethers are often at the nodal points, nevertheless there is some periodic displacement at 
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the resonator-tether boundary, which would transfer a portion of the acoustic energy to 
the substrate. It is safe to assume that the majority of the transferred acoustic wave would 
be scattered and dissipated rather than reflecting back to the resonant body. 
 There are few cases for which analytical studies exist on the energy loss of resonant 
systems through tethers. One such case is the bending-mode clamped-free and clamped-
clamped beam resonators [60] [61] [62]. These studies are mostly limited to anchor loss 
in beam resonators and there are some simplifying assumptions made in all of them that 
further limits their application. Therefore, the usage of finite element analysis in designing 
resonators with optimized anchor loss becomes a necessity. The high order absorption 
boundary condition (ABC) and the perfectly matched layer (PML) are the most common 
approaches to model anchor loss [63]. PML modeling was first used for the 
electromagnetic wave propagation [64] and then generalized to all wave propagation with 
linear wave equations [63] and since has been used for modeling anchor loss for a variety 
of structures including disc resonators [65]. PML in finite element analysis is a layer of 
artificial material with finite length that is placed on the boundaries of the substrate to 
which the resonant structure is connected. This layer is matched with the substrate so 
that there is no reflected acoustic wave from the interface boundary. There are two 
approaches for implementing PML; modifying material properties and coordinate 
stretching [66]. With complex coordinate change the artificial layer is perfectly matched 
for all incident waves in all angles while for the material properties modification approach, 
the artificial layer is only matched for waves with 90° incident angle. 
In this study we used PML definition in COMSOL to simulate anchor loss for which 
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the complex coordinate change is implemented internally. For the model to work properly, 
the PML region should be large enough to attenuate all the acoustic wave propagating 
through this medium [67]. It is also essential to choose proper PML parameters including 
PML scaling factor (α), substrate dimension, PML dimension and mesh size to guarantee 
an accurate estimation for anchor quality factor [67] [68] [69]. PML scaling factor is used 
by COMSOL to produce an effective scaled width for PML for waves with incident angles 
other than 90° to compensate for longer wavelength seen by PML in complex coordinate 
stretching method. 
In 3D modeling of a PML, for smooth dissipation of acoustic wave and to avoid 
reflection from PML, dissipation over a single mesh element should be limited [67]: 
                                             𝛼𝑘ℎ <
1
5
 ( 4-2 ) 
Where α is the PML scaling factor, 𝑘 is the wavenumber and h is the element size. 
Choosing a large PML and small scaling factor or choosing a small PML and large scaling 
factor are two different ways to satisfy the requirement mentioned above. In [67] it was 
suggested to choose PML and substrate dimensions as a function of 𝑘: 
                                         𝑘𝑊𝑠 >
1
20
~
1
10
 ( 4-3 ) 
                                        𝑘𝑊𝑝𝑚𝑙 >
1
10
~
1
5
 ( 4-4 ) 
 
Where 𝑊𝑠 is the substrate radius and 𝑊𝑝𝑚𝑙 is the PML radius. It is essential to model 
a big portion of the substrate in the low frequency resonance modes to have an accurate 
model since the wavelength (λ) is large for low frequencies. On the other hand, for high 
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frequency resonances, modeling a small portion of the substrate would suffice. 
In order to verify the validity of our PML model, anchor loss was first simulated for in-
plane bending mode of a clamped-free beam resonator and the results are compared 
with the analytical predictions. The quality factor for a bending mode cantilever beam 
could be estimated from (4-5) assuming that anchor loss is the dominant source of loss 
[61]: 
                                             𝑄 = 𝐴
𝐿
𝑇
(
𝐿
𝑉
)4 ( 4-5 ) 
where 𝐿, 𝑉 and 𝑇 are the beam length, width and thickness respectively and 𝐴 is a 
constant which changes with Poison ratio (e.g. A=3.175 for υ=0.33, A=3.23 for υ=0.3, and 
A=3.45 for υ=0.25).  
In COMSOL, quality factor could be calculated from the complex eigenfrequencies 
resulted from running a modal analysis that contains a source of loss [70] [71]: 
                                               𝑄 =
𝑅𝑒 (𝑓)
2 𝐼𝑚 (𝑓)
 ( 4-6 ) 
Table 1. Anchor quality factor for bending mode beam resonator 
Dimensions  
Analytical 
anchor Q 
 
 
Simulated 
anchor Q 
 
L 
(μm) 
V 
(μm) 
T 
(μm) 
25 2.5 0.5 1.61 × 106 1.59 × 106 
25 1.25 0.5 25.84 × 106 25.24 × 106 
25 2.5 0.25 3.23 × 106 3.03 × 106 
50 2.5 0.5 51.68 × 106 50.44 × 106 
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where 𝑅𝑒 (𝑓) is the real part of the complex eigenfrequency and the 𝐼𝑚 (𝑓)is its 
imaginary part.  
The meshed structure and the stress filed for the fundamental in-plane bending mode 
of a cantilever beam resonator are shown in Figure 18. The simulated quality factor is 
found to be dependent on the PML and substrate dimensions and PML scaling factor. 
From (4-3)  and (4-4)  we chose 𝑊𝑠 =
𝜆
10
   and 𝑊𝑝𝑚𝑙 =
𝜆
5
 and then tuned PML scaling factor 
to achieve the minimum Q. The dependency of Q on the PML scaling factor is presented 
in Figure 20 and the lowest simulated value of Q is assumed to be the most accurate. 
The simulation and analytical results for several beam dimensions are compared in Table 
1 and are in good agreement. 
 
Figure 18. The meshed resonant structure (a) and the stress field for the fundamental in-
plane bending mode of a cantilever (b) modeled in COMSOL. The complex 
eigenfrequency is utilized to calculate the Q. 
Next, the same PML model and procedure is used for the radial-mode TPoS disc 
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resonator. The substrate and the PML radiuses are set to be equal to λ and 2λ 
respectively. For each harmonic mode, the substrate and the PML radiuses are adjusted 
to the new wavelength and the PML scaling factor is tuned for minimum Q.  
In order to decrease computational load, a one-way symmetry is used for TPoS disc 
resonators and only half of the resonator is modeled. Meshing and stress field for radial 
mode disc resonators are shown in Figure 20.The simulated and fabricated TPOS disc 
resonator dimensions are summarized in Table 2. 
Table 2. Simulated and fabricated resonator dimensions. 
 
Radius 
(μm) 
AlN 
thickness 
(μm) 
Substrate 
thickness 
(μm) 
Moly 
thickness 
(μm) 
silicon 
resonator 
160 0.5 8 0.2 
UNCD 
resonator 
160 0.5 3 0.2 
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Figure 19. The anchor Q as a function of PML scaling factor for a cantilever beam 
resonator (similar to Figure 18). The minimum Q is assumed to be the most accurate. 
 
Figure 20. The meshed resonant structure (a) and the stress field (b) for a radial-mode 
TPoS disc resonator modeled in COMSOL. The PML and the substrate radiuses are 
adjusted to λ and 2λ for each harmonic mode. 
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Table 3. Simulated anchor quality factor for radial mode disc resonators. 
Harmonic # 
Single Crystalline Silicon 
UNC Diamond 
Tethers aligned to [100] 
Tethers aligned to 
[110] 
f0 (MHz) Q (k) f0 (MHz) Q (k) f0 (MHz) Q (k) 
Second  43.42 0.46 43.56 0.63 83.38 0.75 
Third  68.93 3.30 69.44 0.88 133.08 0.86 
Forth  94.77 6.60 95.35 0.62 - - 
Fifth  120.48 33.26 - - - - 
Eighth  196.33 793.27 - - - - 
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The simulation is also performed for resonators made of two different materials: ultra-
nano-crystalline diamond (isotropic) and SCS (anisotropic) with suspension tethers 
aligned to [100] and [110] crystalline planes. The simulated anchor Q are compiled in 
Table 3. 
The stress field for different harmonic order of the radial mode is plotted using Eigen 
frequency analysis in Comsol. The stress field in X and Y directions are added to plot the 
total stress field in the disc shown in Figure 21 for different harmonic mode. We ran a loss 
less simulation to have different mode shapes. For the data reported in Table III we added 
the tethers, large substrate and PML. For that simulation, due to the presence of PML 
anchor loss was considered in the model and because of that the Eigen frequencies here 
and the ones reported in Table III are a slightly different. 
 
Figure 21. The stress field for 2nd (a), 3rd (b), 4th (c), 5th (d) and 8th (e) order radial 
mode disc resonator. 
 38 
As expected, for TPoS resonators made of ultra-nano-crystalline diamond (UNCD) and 
also for resonators made of single crystalline silicon with tethers aligned to the [110] 
plane, anchor loss is significant regardless of the harmonic number. On the other hand, 
for the silicon devices with tethers aligned to [100] plane, Qanc is predicted to improve for 
higher order harmonic modes by orders of magnitude. 
Diamond resonators are also studied to support the hypothesis that the sharp increase 
in the quality factor of the high-order mode silicon disc resonators when the tethers are 
rotated and aligned to [100] crystalline plane could be linked to the existence of the 
pseudo-nodal points and not some unknown factor. As shown by simulation the same 
increase is not predicted in isotropic material (such as nonocrystalline diamond). 
By supporting the resonant structure from its pseudo-nodal point the anchor loss could 
be reduced more effectively than most other support loss reduction methods. In order to 
confirm that, support loss is modeled for forth order radial mode TPoS resonator with 
different tether length. Using the tether length as a parameter for optimization of support 
loss will not result in a significant improvement of the support Q if the tethers are aligned 
to [110] (Table 4). 
4.2.2 TCF Modeling 
 
To predict the frequency drift versus temperature for radial mode SCS disc resonators, 
eigenfrequency analysis is utilized in COMSOL. Frequency drift versus temperature 
curves are generated for radial-mode disc resonators and also for [100] and [110] 
extensional mode resonators, all fabricated on the same single crystalline silicon device 
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layers. 
Table 4. Simulated support Q for tether with variable length 
 
 
 
Tether 
aligned to 
[100] 
Tether 
aligned to 
[110] 
Tether 
length 
11μm 2λ/8 3λ/8 4λ/8 11μm 2λ/8 3λ/8 4λ/8 
4th 
Harmonic 
Q (k) 
6.6 1.9 5.9 3.2 0.6 0.8 1.6 0.7 
 
In order to develop the curves silicon stiffness coefficients and their corresponding 
temperature coefficients for Phosphorous-doped single crystalline silicon (n=6×1019 cm-
3) are borrowed from [16] (Table 5) (TC(1) is the first order temperature coefficient of elastic 
constant and TC(2) is the second order temperature coefficient of elastic constant). The 
stiffness matrix is then calculated for each temperature and is used to repeat the modal 
analysis and calculate the shifted resonance frequency.  
As shown in Figure 22, the turn-over temperature for the radial-mode disc 
resonator is predicted to be between the turn-over temperature of lateral extensional 
resonators aligned to [100] and [110] crystalline planes [31]. In radial-mode disc 
resonators, there are significant stress field components in both [100] and [110] crystalline 
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planes and therefore, the predicted temperature-frequency dependency is reasonable.  
 
Figure 22.The simulated temperature-frequency dependency for radial mode disc 
resonator fabricated on n-type doped silicon (n=6×1019cm-3) compared with width-
extensional resonators oriented in two different directions. 
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Table 5. Elastic constants of phosphorus doped (N=6×1019𝐶𝑀−3) silicon and their corresponding first and second 
order temperature coefficients [16] 
Dopant 
 
𝐶 11 
(GPa) 
𝐶 12 
(GPa) 
𝐶 44 
(GPa) 
𝑇𝐶11
(1) 
(ppm/°C) 
𝑇𝐶12
(1) 
(ppm/°C) 
𝑇𝐶44
(1) 
(ppm/°C) 
𝑇𝐶11
(2) 
(ppb/°C2) 
𝑇𝐶12
(2) 
(ppb/°C2) 
𝑇𝐶44
(2) 
(ppb/°C2) 
Phosphorus 
6.6
× 1019𝑐𝑚−3 
164.0 66.7 78.2 -34.2 -135.2 -67.8 -103 -1 -40 
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4.3 Fabrication Process 
TPoS resonators are constituted of a piezoelectric layer deposited on a layer of low 
acoustic loss material sandwiched between two metal layers. Piezoelectric layer is 
actuated by an applied electric field between these metal electrodes. A schematic of the 
TPoS disc resonators of this work is shown in Figure 23. The radial-mode disc resonators 
of this work are fabricated both on SCS and UNCD device layers. The fabrication process 
of TPoS resonators on silicon is thoroughly discussed in Chapter 3.  
 
Figure 23.The schematic of a TPoS disc resonator fabricated in this study. 
 
Disc resonators are also fabricated on ultra-nano-crystalline diamond (UNCD). A 
UNCD film with average grain size of less than 10 nm was deposited by hot filament 
chemical vapor deposition (HFCVD). To promote C-plane grain growth in the following 
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sputtered AlN layer, UNCD deposition is followed by two polishing steps. The rest of the 
process is very similar to the fabrication steps on an SOI wafer explained above. The 
diamond layer is etched in an inductively coupled plasma (ICP) etching chamber with 
O2/CF4 plasma. The detailed process flow for devices made on UNCD device layer could 
be found in [28]. 
4.4 Experiment Results 
4.4.1 Quality Factor Measurements 
Frequency response of the TPoS disc resonators are measured both in atmospheric 
pressure and partial vacuum (1 Torr) using a Rohde & Schwarz ZNB 8 network analyzer 
and a pair of GSG probes (Cascade Microtech Inc) at ambient temperature while 
terminated with the internal 50 Ω impedance of the network analyzer. The loaded quality 
factors (Qloaded) are measured and the unloaded quality factors are extracted by de-
embedding the loading effect of the termination resistances. 
Frequency responses are measured for disc resonators on anisotropic (single crystalline 
silicon) device layer with tethers aligned to [100] and [110] crystalline planes and also for 
the disc resonators fabricated on isotropic UNCD device layer. For the UNCD disc 
resonators, the radial-mode resonance frequencies are higher due to the higher Young’s 
modulus of the UNCD [28]. 
As shown in TABLE VI, for the UNCD disc resonators and also the SCS disc resonator 
with tethers aligned to [110] direction, Q values are extremely low. This is believed to 
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support our hypothesis indicating that a large portion of acoustic energy would be lost 
through tethers considering that the structure was not supported from its pseudo-nodal 
points in these resonators. On the other hand, for higher harmonic radial-mode disc 
resonators with tethers aligned to [100] plane, unloaded quality factor improves from an 
average of 290 at 43 MHz to 6300 at 196 MHz for the eight-harmonic mode. Frequency 
responses for 5 different disc resonators are measured in atmospheric pressure in order 
to report the values for maximum quality factor (Qmax) and average quality factor (Qavg) 
reported in Table 6. 
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Table 6. Measured quality factor data for radial mode disc resonators. 
 
Harmonic 
# 
 
single crystalline silicon 
UNC Diamond 
Tethers aligned to [100] Tethers aligned to [110] 
f0 
(MHz) 
Qmax 
(k) 
Rm 
(kΩ) 
Qavg 
(k) 
f0 
(MHz) 
Qmax 
(k) 
Rm 
(kΩ) 
Qavg 
(k) 
f0 
(MHz) 
Qmax 
(k) 
Rm 
(kΩ) 
Qavg 
(k) 
Second 42.8 0.4 6.0 0.3 43.3 0.5 20.3 0.5 80.0 0.9 6.1 0.7 
Third 69.0 2.8 0.3 1.8  70.2 0.65 7.7 0.47 128.1 0.2 9.4 0.17 
Forth 94.7 5.6 1.0 3.8  95.9 0.8 33.1 0.65 - - - - 
Fifth 120.3 7.4 1.0 4.3 - - - - - - - - 
Eighth 195.8 9.7 1.2 6.3 - - - - - - - - 
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The frequency response for a UNCD radial-mode disc resonator is shown in Figure 
24. The frequency response for a SCS radial-mode TPoS disc resonators with tethers 
aligned to [100] crystalline plane measured in partial vacuum is shown in Figure 25. The 
frequency span for this measurement is 40-200MHz and the second, third, fourth, fifth 
and eighth radial modes are detected for SCS device (inset figures on the frequency plot 
of Figure 25). The anchor quality factor is modeled for all the resonance modes within a 
region around the measured resonance frequencies for each harmonic mode. For the 
mode shapes which has a reasonable quality factor the TCF curves are modeled and 
compared to the measured TCF curve to confirm that the measured resonance peaks are 
assuredly higher order harmonic radial modes. 
 
Figure 24. The recorded S21 for a UNCD radial-mode TPoS disc resonator 
simultaneously presenting the resonance peaks of 2nd, 3rd harmonics with their 
corresponding Q. 
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Figure 25.The recorded S21 for a SCS radial-mode TPoS disc resonator with tethers 
aligned to [100] direction measured in partial vacuum simultaneously presenting the 
resonance peaks of 2nd, 3rd, 4th, 5th and 8th harmonics with their corresponding Q. 
For the single crystalline silicon resonators with tethers aligned to [100] plane, the 
simulated and measured quality factor are matched fairly well. This confirm our 
hypothesis that the support loss is the dominant source of loss for the side supported 
radial mode TPoS resonators when the structure is not supported from its pseudo-nodal 
points.  However, considering the simulated quality factor for the higher order harmonic 
radial mode TPoS resonators with tethers aligned to [100] plane, the support loss is 
almost eliminated. For these resonators, we believe other sources of loss such as 
interface loss, surface loss, etc.  are playing a more important role.  
It is necessary to mention that the top electrode pattern is not designed for the 
optimum coupling factor. A portion of electrical charge accumulated under the electrodes 
might be canceled with the charge with different polarities for higher order radial mode 
resonators. only two electrodes are designed for radial mode TPoS resonator so all the 
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harmonic modes could be excited on the same resonator and the quality factor could be 
fairly compared for different harmonic radial mode TPoS resonators. 
The unloaded quality factors measured both at atmospheric pressure and partial 
vacuum for different harmonics of the radial-mode TPoS disc resonator exhibiting the 
highest Q are compared in Table 7. For lower harmonic modes it appears that the quality 
factors do not change significantly under vacuum which further confirms that the anchor 
loss is the dominant source of loss for the second and third harmonics. For the high order 
modes on the other hand, the anchor loss is no longer the main source of loss and the 
quality factor improves about 19 % in vacuum in the absence of air damping loss for 
eighth harmonic mode (increased from 9,660 to 11,480).  
The 8th harmonic radial mode TPoS resonator quality factor is compared to some 
resonators in the same range of frequencies which are already studied in the literature 
(Table 8). As seen here, quality factor of the TPoS disc resonator (this work) is the second 
best only after the capacitive resonators while the kt2.Q in this device surpasses that of 
the capacitive resonator by a large margin. Also, it is notable that for a capacitive 
resonator, the quality factor improves significantly when measured in the vacuum. This is 
because squeezed-film air damping is one of the main sources of loss in the capacitive 
resonators due to the extremely small size of the capacitive gaps that are necessary for 
improving the coupling factor [17].This sensitivity to air damping will put stringent 
requirement on the packaging of such resonators that could be relaxed for TPoS 
resonators. 
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Table 7. Measured data for single crystalline silicon disc resonator with tethers aligned 
to [100] direction. 
Harmonic 
# 
In Atmospheric pressure 
In partial Vacuum 
(1 Torr) 
f0 
(MHz) 
Q 
(k) 
Rm 
(kΩ) 
f0 
(MHz) 
Q 
(k) 
Rm 
(kΩ) 
Second 42.78 0.43 6.04 42.78 0.45 5.79 
Third 68.98 2.80 0.31 68.98 2.92 0.29 
Forth 94.66 5.60 1.01 94.66 6.20 0.90 
Fifth 120.34 7.44 0.98 120.34 8.47 0.91 
Eighth  195.82 9.66 1.22 195.82 11.48 1.20 
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Table 8. Comparison of the best results reported in this work with selected published 
data in the same frequency range. 
Resonator 
Type 
f0 
(MHz) 
Qair 
(K) 
Qvac 
(K) 
Resonance 
mode 
Reference 
TPOS 195.82 9.66 11.48 Radial  This work 
TPOS 142 6.8 - 
Lateral 
extensional 
[72] 
Capacitive 193 8.8 23 Radial  [58] 
Piezoelectric 229.9 - 4.3 
Lateral 
extensional 
[25] 
 
4.4.2 TCF Measurements 
Temperature coefficient of frequency is measured for a radial-mode TPoS 
resonator and lateral-extensional mode TPoS resonators aligned to [100] and [110] 
planes. The center frequency drift is measured in the range of -60 °C to 80 °C in a Janis 
cryogenic vacuum probe station in which liquid nitrogen is used to cool down the chuck 
below ambient temperatures. The results are plotted in Figure 26. All three devices used 
for this measurement are made on the same substrate with a doping concentration of 
𝑛~4 × 1019 𝑐𝑚−3.As predicted by the simulation results of section III.B the turn-over 
temperature for the radial-mode disc is between the two turn-over temperatures for the 
extensional mode resonators aligned to [100] and [110]. 
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Figure 26.The frequency-temperature plot measured for a radial-mode TPoS disc 
resonator and extensional mode TPoS resonators aligned to [100] and [110] silicon 
planes. 
However, the turn-over temperature for all three resonator types are at lower 
temperatures than predicted in Figure 22. This is mainly because the available stiffness 
coefficients used for the simulation section are reported for a doping concentration higher 
than what was used for fabrication in this work and also only the silicon layer was 
considered in the simulation and the contribution of AlN and Molybdenum layers were 
neglected in the simulation. For the radial-mode disc resonator, the extrapolated turn-
over temperature is at ~-105 °C, when it’s at ~16 °C for the [100] extensional mode 
resonator and below -200 °C for the [110] extensional mode resonator.  
4.5 Harmonic Radial Mode Disc TPoS Resonators 
The disc resonators are fabricated with only two electrodes as shown in Figure 23 
to fairly compare the quality factor of different harmonic on the same device. However, 
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this electrode design is not efficient for charge collection and the coupling efficiency and 
motional resistance of the higher harmonics are negatively affected.  
The electrode design should be optimized for each harmonic radial mode. The 
optimized electrode design for a fourth harmonic radial mode TPoS resonator is shown 
in Figure 27. 
 
Figure 27.The SEM photo for the 4th harmonic radial mode TPoS disc resonator. 
These resonators are fabricated on a 25 μm silicon topped with 1 μm 20% Scandium 
doped AlN with the same disc diameter as the radial mode disc resonators presented in 
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the previous sections of this chapter. The measured frequency response for this fourth 
order radial mode TPoS resonator is plotted in Figure 28. The measured motional 
resistance is improved from 1 kΩ for the two electrode design to about 0.2 kΩ with the 
optimized electrode design.  
 
Figure 28. The measured frequency response for a 4th harmonic radial mode disc TPoS 
resonator. Lower motional resistance is measured compared to design with just two 
electrodes. 
4.6 Conclusions 
Radial-mode disk resonators are commonly supported from the center of the disk due 
to the expected excessive anchor loss for side-supported radial modes. Therefore, 
piezoelectric radial-mode disk resonators are seldom developed. In this work, it was 
 54 
demonstrated that in a TPoS radial-mode disk resonator by rotating the anchors to align 
with [100] plane, anchor loss would be reduced significantly. Specifically, anchor loss 
would no longer be the dominant source of loss for high-order harmonic modes. Devices 
are fabricated on SCS and UNCD and the validity of this claim is confirmed both with 
experimental measurements and finite-element simulations. Due to their reported high-
quality factor, high-order radial-mode TPoS disk resonators are excellent candidates for 
stable oscillator designs in VHF band. 
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CHAPTER 5:  
QUASI THICKNESS LAMÉ MODES IN THIN-FILM PIEZOELECTRIC-
ON-SILICON RESONATORS 
Micro electromechanical resonators are at the heart of integrated low-noise 
oscillators, filters and sensors [73] [74] [33] [14]. 
High quality factor and large coupling efficiency combined with high thermal stability 
and power handling in small form factors are desired for such applications. Although 
MEMS resonators offer high quality factor and coupling efficiency in small size, they 
generally suffer from relatively high temperature coefficient of frequency (TCF). The 
temperature coefficient of elasticity (TCE) is around -60 ppm/°C (TCF~ -30 ppm/°C) for 
lightly-doped silicon based MEMS resonators [16], around -50 ppm/°C (TCF~ -25 
ppm/°C) for AlN based resonators [25] and around -140 to -180 ppm/ °C (TCF~ -70 
ppm/°C to -90 ppm/°C) for Lithium Niobate (LN) resonators [75]. The reported high TCF 
for MEMS resonators limits their usage in ultra-stable oscillator applications. 
Active and passive temperature compensation methods have been studied to reduce 
the frequency drift. Degenerate doping of the silicon device layer [32] , or using composite 
structures with positive TCE materials (such as silicon dioxide) in the form of over layers 
[32] or pillars [76] are amongst the proposed passive temperature compensation 
methods. Using an over layer of oxide however, adversely impacts both the quality factor 
(due to energy scattering between layers) and the coupling efficiency. It also adds to the 
fabrication complexity. With passive temperature compensation of MEMS resonators, sub 
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ppm temperature stability remains out of reach, even though required for many ultra-
stable clock applications. 
In active temperature compensation methods on the other hand, the resonance 
frequency is actively tuned in real-time to compensate for the frequency drift caused by 
the ambient temperature variations. The most widely studied methods for active 
temperature compensation are tuning the termination impedance [77] [78], inducing a 
mechanical stress [79] and operating the resonator at a constant elevated temperature 
[80] (e.g.  oven controlled oscillators). With active temperature methods sub ppm 
temperature stability could be achieved over the desired temperature range. Oven 
controlled quartz crystal oscillators (OCXO) have been widely studied in the literature 
[81]. The same method could be used for temperature compensation in MEMS resonators 
specially if the turn-over temperature (the temperature at which the TCF changes polarity) 
of the resonator is greater than the highest nominal operation range. This is because the 
TCF is virtually zero at turn-over temperature and therefore the oscillator stability would 
be only marginally affected by the temperature control circuitry. Hence, designing 
resonators with turn-over temperature values above the commercial range (80 °C) is 
critical in realizing oven-controlled oscillators.  
Based on the results reported in literature [16], Lamé mode silicon resonators exhibit 
the highest turn-over temperature amongst conventional resonance modes for the same 
silicon doping concentration.  
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Although capacitive excitation of planar Lamé modes is frequently reported in silicon 
resonators at MHz regime [82], [83] but the motional impedance is usually large for these 
resonators. Thin-film piezoelectric-on-substrate (TPoS) platform offers a pathway to 
reducing the motional resistance high Q silicon-based resonator. The substrate layer 
which is usually single crystalline silicon concurrently improves the power handling of 
these resonators as well [30]. 
That said, planar Lamé modes, cannot be efficiently actuated in silicon through 
piezoelectric transduction. This is because of the fact that the sputtered piezoelectric thin-
films such as AlN are isotropic in the plane of the substrate. As discussed in Figure 29, 
the stress field is the same but with opposite polarities in the X and Y directions for a 
planer Lamé mode and therefore charges cancel out for any electrode that is laid out 
across a piezoelectric film thickness. In the case of piezoelectric on substrate resonators, 
since the symmetry would be disrupted with the presence of the substrate layer (i.e. 
silicon) planar Lamé mode could be actuated but still the coupling efficiency would be 
limited (<0.0015%) which would drastically increase the motional resistance of the 
resonator [84]. 
An alternative family of Lamé resonators coined as Cross-sectional Lamé mode 
resonators (CLMR) have been recently demonstrated in thin-film AlN resonators [24], [85]  
by exciting Lamé modes in the thickness of the AlN resonator. In CLMRs both d31 and d33 
piezoelectric coefficients constructively contribute in the excitation of a two-dimensional 
mechanical vibration (excitation of the Lamé mode in the cross section of AlN film). As a 
result, these resonators offer coupling factors larger than what is achievable in lateral-
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extensional mode (Contour-mode) resonator. A limitation of such resonators is that the 
range of center frequencies that could be achieved is relatively restricted to high 
frequencies considering that the thickness of the sputtered piezoelectric layers cannot be 
practically greater than a few micrometers.  
 
Figure 29. The simulated stress field in the x and y directions for a pure AlN planar Lamé 
mode. In each half vibration cycle, stress field is tensile in one planer axis and 
compressive in the other axis (dark blue and dark red indicate maximum opposing stress 
in the center). Therefore, such planar Lamé mode cannot be efficiently excited with thin 
polycrystalline films laid on top of the resonator body. 
 
5.1 Thickness Lamé Mode in TPoS Resonators 
Commonly, the d31 piezoelectric coefficient of sputtered piezoelectric films (e.g. AlN) 
is utilized to excite lateral-extensional (LE) modes in TPoS resonators. For the 
fundamental LE mode, the width of the resonator is equal to resonance half wavelength. 
To actuate higher harmonics, interdigitated electrode patterns are used. In such patterns 
the distance between two adjacent electrodes is called finger-pitch (FP) and is equal to 
half resonance wavelength.  
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As shown in Figure 30.a, lateral-extensional mode is actuated in a silicon slab when 
the FP>> thickness (T). As the finger pitch decreases and approaches the thickness of 
the resonator, mode shapes with properties between lateral-extensional mode and Lamé 
mode emerge in the thickness of the resonator (Figure 30.b and Figure 30.c).  For the 
dimensions in which the lateral and vertical displacements are the same, a pure 
Thickness-Lamé mode would be actuated in the resonator slab (Figure 30.d). 
 
Figure 30. The displacement field for a silicon resonator with thickness (T) and different 
finger pitches. For the finger pitches close to the thickness of the resonator, Lamé mode 
(d) would replace lateral extensional mode (a) in the resonator slab. For the finger pitches 
close to a fraction of the thickness of the resonator, higher harmonic Lamé are actuated 
in the resonator slab (second harmonic (e) and third harmonic (f)). 
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If a thin piezoelectric film sandwiched between to metal layers is laid out on top of the 
silicon slab as is the case in TPoS platform, the d31 and d33 piezoelectric coefficients of 
the film, constructively contribute in actuating Lamé-mode in the composite structure of 
(Mo/AlN/Mo/Si). Caused by the presence of the piezoelectric film and metal layers, the 
acoustic symmetry of the medium is disrupted and therefore technically the mode is no 
longer a pure Lamé-mode. We refer to these mode shapes as quasi thickness-lamé 
modes (QTLM). For QTLM resonators if the FP is close to the thickness of the resonator, 
the resonator would have properties closer to the property of pure Lamé mode resonator. 
As the FP increases the behavior of the resonator transitions from Lamé mode and 
becomes similar to the property of lateral-extensional mode. 
5.2 Harmonic QTLM TPoS Resonators 
Harmonic QTLM Lamé modes could also be actuated in the thickness of the TPoS 
resonator. When the FP is chosen ~
𝑡𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑛
 , the nth harmonic in the thickness of the 
resonator is excited. For example, second and third harmonic QTLM are shown in Figure 
30.e and Figure 30. f. Actuating higher order harmonics in the thickness of the resonator 
extends the range of frequencies that could be achieved on the same substrate with 
QTLM resonators. 
Second and third harmonic QTLM TPoS resonators are designed on a 1 μm ScAlN/16 
μm Si. For these resonators, piezoelectric polarization is modeled for QTLM using eigen 
frequency analysis in COMSOL. As shown in Figure 31.a, the mode shape is no longer 
symmetric. In order to collect the most charge possible an asymmetric electrode design 
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is proposed. In this design, the electrodes are shifted to align the charge center modeled 
in the Eigen frequency model.  
 
Figure 31. The piezoelectric polarization field (a) and asymmetric electrode design (b) 
A schematic view graph of a third order QTLM TPoS resonator is shown in Figure 
32. Based on the FP/T ratio the same structure enables actuation of lateral-extensional 
and thickness quasi Lamé modes. 
 
Figure 32. A schematic view graph of a third-order QLM TPoS resonator. Electrode 
patterns are the same as the ones for lateral extensional mode. 
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5.3 Quasi Thickness Lamé Mode TPoS Resonator 
5.3.1 Coupling Efficiency for QTLM TPoS Resonators 
For the fundamental QTLM TPoS resonator, the stress field is concentrated in the 
center of resonator stack (mostly in the silicon). Therefore, the stress concentration in the 
piezoelectric film is relatively small and the coupling efficiency is compromised. As higher 
order QTLM is actuated in the thickness of the resonator, the stress field in the 
piezoelectric region of the TPoS resonator increases (Figure 33) and the coupling 
efficiency is expected to improve correspondingly. 
 
Figure 33. The stress field in the fundamental a) and third harmonic QTLM resonators. 
The stress field in the piezoelectric portion of the third harmonic mode is larger and 
because of that higher coupling efficiencies are expected for third harmonic QLM. 
 63 
A 2D loss-less frequency analysis model in COMSOL is used to study the coupling 
efficiency of the QTLM TPoS resonators. The resonator stack includes a 16µm silicon 
covered by 1μm of 20% ScAlN sandwiched between two 100 nm Mo layers. The one port 
admittance is simulated using the frequency response analysis and the coupling 
efficiency is calculated using modeled series and parallel frequencies. The modeled 
admittance for the third order QLM TPoS resonator is shown in Figure 34 and the coupling 
coefficient for different harmonics are summarized in Table 9. The material data for 20% 
ScAlN is borrowed from [86]. 
 
Figure 34. The modeled admittance for a third order QLM TPoS resonator. The coupling 
efficiencies are calculated using the series and parallel frequencies. 
 64 
Table 9. The modeled coupling efficiencies for TPoS resonators. A full stack of 
Mo/AlN/Mo/Si is considered with the same thickness of the fabricated resonators (0.1 
μm Mo/1 μm ScAlN/ 0.1 μm Mo/ 16 μm Si) 
Mode shape 
Silicon Thickness 
(μm) 
20% ScAlN 
Thickness 
(μm) 
Modeled 
Kt2 
Lateral-extensional 16 1 0.85% 
1st harmonic QTLM 16 1 0.03% 
2nd harmonic QTLM 16 1 0.08% 
3rd harmonic QTLM 16 1 0.14% 
Lateral-extensional 4 2 3.8% 
2nd  harmonic QTLM 4 2 7.8% 
As expected the coupling efficiency increases for higher harmonic QTLM TPoS 
resonators but never-the-less the lateral-extensional modes will offer higher coupling 
(Table 9). This trend will change and the QTLM will offer a higher coupling factor than the 
lateral-extensional mode if the thickness of the piezoelectric film approaches half 
wavelength of the thickness Lamé mode. A second-harmonic QTLM excited in a 4µm of 
silicon slab covered with a 2µm of piezoelectric film (20% ScAlN) is presented in Figure 
35. The simulated coupling factor is 7.8% for the second harmonic QTLM TPoS 
resonator. 
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Figure 35. The admittance modeled for a fourth harmonic QTLM TPoS resonator with 4 
μm silicon topped with 2μm AlN. 
5.3.2 Support Loss in QTLM TPoS Resonators 
The resonator quality factor directly impacts the noise floor of the system in which 
the resonator is utilized. Therefore, achieving high quality factors are crucial for many 
applications such as oscillators and sensors. Anchor loss, ohmic loss and interface loss 
are the main sources of loss in piezoelectric resonators. Although improving the interface 
loss might be challenging, these resonators can be designed for optimum anchor loss.  
Since the Lamé mode in the QTLM TPoS resonators is formed on the cross-section 
of the resonator, there are no pseudo-nodal points at the side of the resonator. 
Consequently, a substantial portion of acoustic energy could be radiated to the substrate 
through the tethers. By placing planar acoustic reflectors (etching trenches in the 
 66 
substrate), the acoustic wave is reflected due to very large acoustic mismatch between 
air and silicon. If these reflectors are designed at the proper distance from the resonator 
tether, the reflected wave would be constructively interfering with the resonators standing 
wave [29], [87], [88]. 
In this work, we present a novel acoustic isolation frame to minimize the anchor loss 
for QTLM. As shown in Figure 36, the resonator is carved out of a suspended circular 
frame. The radiated acoustic energy through tethers is reflected from the edges of this 
frame. The anchor quality factor is optimized by optimizing the dimensions of the 
structure. 
A 3D perfectly matched layer (PML) based model is developed in COMSOL to study 
the anchor loss for QTLM TPoS resonators. The dimension of the acoustic isolation frame 
is varied to search for the optimized frame dimensions. Based on the modeled data, the 
anchor quality factor is optimized when the acoustic isolation frame has a diameter of 
(2n×λ/4) + 2 × (tether-length). The support quality factor is improved by an order of 
magnitude for the optimum frame dimensions Table 10 for the fundamental QTLM TPoS 
resonator with FP= 17μm at 185 MHz. 
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Figure 36. The PML based model developed for support loss prediction for a fundamental 
QLM TPoS resonator with an acoustic isolation frame. The resonator and frame 
dimensions are chosen to resemble the fabricated resonators. 
 
Table 10. The modeled anchor quality factor for the resonator with and without acoustic 
isolation frame. 
Mode shape 
Qanc 
without isolation-frame 
Qanc 
With isolation-frame 
1st harmonic QTLM 
TPoS 
7.6 k 70 k 
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5.3.3 Turn Over Temperature in QTLM TPoS Resonators 
Lamé mode resonators in highly n-type doped silicon are excellent choices for 
oven-controlled oscillator applications. For this application the oscillator operates at a 
constant elevated temperature. If this elevated temperature is close to the turn over-
temperature of the resonator, the system would be robust to the errors of the control 
system.  
  For [100] aligned QTLM TPoS resonator, all the resonator boundaries would be 
aligned to [100] crystalline plane of silicon Figure 37. Therefore, it is expected that the 
temperature behavior of the [100]-aligned QTLM to be similar to planar Lamé modes 
fabricated on a 100 silicon substrate and reported before [89]. 
 
Figure 37. On a [100] silicon wafer, for the resonators aligned to [100] crystalline plane, 
should be rotated 45 degrees. All the faces of the resonator block are [100] which would 
be similar to the Lamé mode. 
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To predict the frequency-shift as a function of the temperature for QTLM TPoS 
resonators, a 2-D model of the whole stack of TPoS resonators is developed in COMSOL. 
The layer thicknesses in the model replicates the fabricated devices as follows: top 
Molybdenum 100 nm, Scandium doped AlN (ScAlN) 1 μm, bottom Molybdenum 100 nm 
and silicon 16 μm.  
In order to develop TCF curves, stiffness values for silicon, AlN and Molybdenum 
and their temperature coefficients were borrowed from [16] (Table 11) for phosphorus 
doped single crystalline silicon (n=6.6×1019 cm-3), [90] and [91] for AlN and Molybdenum 
respectively. The temperature coefficient of elasticity (TCE) of AlN is assumed to be an 
adequate replacement for Scandium doped AlN TCE data. 
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Table 11. The elastic constants of Phosphorus-Doped (n=6.6×1019 cm-3) Silicon and their corresponding first and 
second order temperature coefficients [16]. 
Dopant 
𝐶 11 
(GPa) 
𝐶 12 
(GPa) 
𝐶 44 
(GPa) 
𝑇𝐶11
(1) 
(ppm/°C) 
𝑇𝐶12
(1) 
(ppm/°C) 
𝑇𝐶44
(1) 
(ppm/°C) 
𝑇𝐶11
(2) 
(ppb/°C2) 
𝑇𝐶12
(2) 
(ppb/°C2) 
𝑇𝐶44
(2) 
(ppb/°C2) 
Phosphorus 
6.6×1019 
164.0 66.7 78.2 -34.2 -135.2 -67.8 -103 -1 -40 
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For single crystalline silicon, the stiffness matrix is calculated for each temperature 
using (5-1), (5-2) and (5-3): 
 
𝐶11𝑡 = 𝐶110 + 𝑇𝐶11
1 × 𝐶110 × 10
−6 × (𝑡 − 𝑡0) + 𝑇𝐶11
2 × 𝐶110 × 10
−9 × (𝑡 − 𝑡0)
2 ( 5-1 ) 
 
𝐶12𝑡 = 𝐶120 + 𝑇𝐶12
1 × 𝐶120 × 10
−6 × (𝑡 − 𝑡0) + 𝑇𝐶12
2 × 𝐶120 × 10
−9 × (𝑡 − 𝑡0)
2 ( 5-2 ) 
 
𝐶44𝑡 = 𝐶440 + 𝑇𝐶44
1 × 𝐶440 × 10
−6 × (𝑡 − 𝑡0) + 𝑇𝐶44
2 × 𝐶440 × 10
−9 × (𝑡 − 𝑡0)
2 ( 5-3 ) 
Where C11t, C12t and C44t are the single crystalline silicon stiffness coefficients at an 
arbitrary temperature t and C110, C120 and C440 are the stiffness coefficient at room 
temperature (t0).  
The new stiffness matrix for silicon and stiffness values for ScAlN and Molybdenum 
is then used to repeat the modal analysis and to calculate the shifted resonance 
frequency.   
 
The modeled TCF curves for TPoS resonators with FP 40 μm, 30 μm and 17 μm are 
shown in Figure 38. For the quasi thickness Lamé mode resonators (FP=17 μm), it was 
expected that the resonator behavior would be similar to the pure Lamé mode which is 
confirmed with our model. 
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Figure 38. The modeled TCF curves for resonators with FP 40, 30 and 17 μm. The turn-
over temperature shifts toward higher temperature as the FP/ T ratio approaches unity. 
Quasi Lamé mode shows the highest and lateral-extensional mode shows the lowest turn-
over temperatures. 
As the finger-pitch to thickness ratio increases the temperature-frequency behavior 
of the resonator transitions from what is known of pure Lamé to what is expected for 
extensional modes (i.e. the turnover temperature shifts down (Figure 39). 
Therefore, the turn-over temperature in QTLM-TPoS resonators can be tuned 
lithographically by adjusting the FP/T ratio. This feature can be used to design resonators 
with the turn-over temperatures slightly above the desired temperature range for oven 
controlled oscillator application.  
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Figure 39. The Turn-over temperature of a QLM TPoS resonator as a function of FP/T 
ratio. Higher turn-over temperature is predicted for the resonators with FP/T ratio closer 
to one. The turn-over temperature could be adjusted lithographically. 
The TCF curves are also modeled for higher harmonics of QTLM TPoS resonator. 
For these higher order modes, the turn-over temperatures are predicted to be slightly 
lower than the fundamental mode (turn-over temperature = 120 °C).  For the temperature 
range reported in this study, TCE is negative for both AlN and Molybdenum and positive 
for highly doped silicon. The stress filed is mostly concentrated in the center of the 
resonator (silicon portion) and because of that for the fundamental mode the TCF is 
mostly dominated by the silicon properties. On the other hand, for higher harmonic QTLM, 
a larger portion of the total stress field is in Mo/AlN/Mo compared to the fundamental 
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mode and therefore Mo/AlN/Mo stack impact on the TCF is larger hence lower turnover 
temperature is predicted for these higher order modes. 
5.4 Experimental Results 
The fabricated QTLM TPoS resonators are characterized in atmospheric pressure 
and partial vacuum using a ZNB8 network analyzer and a pair of GSG probes (from 
FormFactor inc) at ambient temperature. The loaded quality factors are measured and 
the unloaded quality factors are calculated using the motional resistance of the resonator.  
One port admittance response is also measured and the coupling coefficients are 
calculated using the measured parallel and series resonance frequencies. The 
temperature-frequency curves are also measured in a Janis cryogenic vacuum probe 
station. 
TPoS resonators are fabricated on 16 μm thick silicon with finger pitches ranging 
from 40 μm (lateral-extensional mode) to 17 μm (fundamental QTLM), as well as 9 μm 
(2nd harmonic QTLM) and 6 μm (3rd harmonic QTLM).  
The frequency response for the fundamental QTLM with and without acoustic 
isolation frame in air is shown in Figure 40. It is observed that, both quality factor and 
motional resistance are improved for the device with isolation frame. The measured 
unloaded quality factor of 16.2 k and motional resistance of 235 Ohm at 185 MHz for the 
fundamental QTLM resonator is amongst the best performance reposted for any MEMS 
resonator at this frequency range (f×Q ~ 3×1012). The measured Q’s are in good 
 75 
agreement with the trend predicted by our finite element COMSOL model for anchor 
quality factor. 
 
Figure 40. The measured frequency response in air for the fundamental QTLM TPoS 
resonator with and without acoustic isolation frame in air. The unloaded quality factor 
improved significantly by adding an isolation frame. 
As shown in Figure 41, the frequency response for the fundamental QTLM TPoS 
resonator is also measured in partial vacuum. An unloaded quality factor of ~23.2 k is 
measured for this mode shape in vacuum resulting in an f×Q ~ 4.3×1012. 
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Figure 41 .The measured frequency response for the fundamental QTLM TPoS resonator 
in partial vacuum. Unloaded quality factor of 23.2 k is measured at 185 MHz for this 
resonance mode. 
The measured frequency response for the second (FP=9 μm) and third (FP=6 μm) 
harmonic QTLM TPoS resonators are plotted in Figure 42 and Figure 43 respectively. We 
measure unloaded quality factors of 11.2 k and 5.5 k at 366 MHz and 555 MHz for the 
second and third harmonic QLM resonator. A f×Q of 4.1×1012 is measured for the second 
harmonic QLM TPoS resonator. The measured unloaded quality factor in vacuum is 12.6 
k for the second harmonic and 6 k for the third harmonic QLM TPoS resonators. The TCF 
curves are measured for all three harmonics to confirm that the measured peaks are 
indeed quasi Lamé modes. 
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Figure 42. The measured frequency response for a 2nd harmonic QTLM TPoS resonator 
in air. 
 
Figure 43. The measured frequency response for a 3rd harmonic QTLM TPoS 
resonator in air. 
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A wide spectrum is also measured for all three harmonics. We found that there is 
no strong spurious mode close to these Quasi Lamé modes. The second harmonic QTLM 
spectral response is plotted in Figure 44. A wide frequency range is deliberately chosen. 
It is apparent that there are no other strong modes in the vicinity of the QTLM. 
 
Figure 44. The wide spectrum frequency response for a second harmonic QLM TPoS 
resonator. There are no other strong peak close to this mode which make it a good 
candidate for oscillator application. 
We calculate the coupling efficiencies from the measured series and parallel 
frequencies for five different resonators in each class and the highest measured coupling 
efficiencies are reported in Table 12. As shown in this table the coupling efficiency 
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improves by actuating higher harmonic QLM TPoS resonator. The measured coupling 
efficiencies are in good agreement with the finite element model. 
Table 12. The measured coupling efficiencies for different classes of TPoS resonator. 
Mode shape 
FP 
(μm) 
Modeled 
Kt2 
Lateral-extensional 40 0.21% 
1st harmonic QLM 17 0.02% 
2nd harmonic QLM 9 0.07% 
3rd harmonic QLM 6 0.1% 
 
The TCF curves are also measured in vacuum probe station for Lateral extensional, 
quasi-thickness Lamé mode TPoS resonator. As reported in Figure 45, the TCF is 
measured for TPoS resonator with FP=40 μm, FP=30 μm and FP=17 μm and the 
measured data are in good agreement with the modeled TCF curves. We measure the 
turnover temperature of 45 °C, 80 °C and 150 °C for these devices respectively. Turnover 
temperatures reported for QTLM TPoS resonators are the highest turnover temperatures 
reported for piezoelectric actuated MEMS resonators without any additional over layers. 
Adding a silicon oxide layer would negatively impact both quality factor and 
electromechanical coupling efficiencies of the resonators which both are important 
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parameters in defining the noise flour in oscillator (negatively impact the phase noise and 
jitter) or other MEMS resonator applications. 
 
Figure 45. The measured CF curves for lateral-extensional, and quasi thickness Lamé 
mode resonators. 
 
The quality factor of the fundamental QTLM TPoS resonator is compared to several 
other published results from resonators in the same range of frequencies in Table 13. The 
fundamental QTLM TPoS resonator offer the best quality factor even compared to 
measured quality factor for capacitive resonators for this range of frequencies. The low 
motional resistance of the fundamental mode QTLM TPoS resonator is almost an order 
of magnitude smaller than the capacitive counterparts.  
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Table 13. The measured quality factor for the fundamental QTLM TPoS resonator compared to a selected 
published results in the same frequency range. 
Resonator Type f0 (MHz) 
Qair 
(k) 
Qvac 
(k) 
Rm Ohm Resonance mode Reference 
TPoS 185 16.2 23.2 235 
Thickness Quasi 
Lamé 
This work 
Capacitive 173 9.3 - 18 k Lamé [82] 
Capacitive 128 12 - 31 k Lamé [83] 
TPoS 195 9.6 11.5 1.2 k Radial [55] 
Capacitive 193 8.8 23 - Radial [58] 
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The measured data for Lateral extensional mode compared to QTLM resonators with 
properties transitioning from LE to QTLM is shown in Table 14 amongst which resonators 
with FP=30 μm with turn-over temperature of 80 °C is suitable for Oven-controlled 
oscillator application for commercial range of -40 °C to 80 °C. A measured frequency 
response for this resonator is plotted in Figure 46. As seen in the table, the turnover 
temperature of QTLM resonators can be tuned from 45 °C to 150 °C just by designing the 
FP of the resonator on the same wafer with the same doping level of the silicon layer. 
This phenomenon could be used to design resonators suitable for oven controlled 
oscillator applications over any desired temperature range. 
Table 14. The measured data for Lateral extensional mode compared to QTLM 
resonators with properties transitioning from LE to QTLM. 
Mode shape 
FP 
(μm) 
f0 
(MHz) 
Qair 
(k) 
Rm 
(Ohm) 
Turn-Over 
temperature 
(°C) 
Lateral- 
extensional 
40 95 7.2 80 45 
QTLM 30 125 8.2 120 80 
QTLM 25 145 7.2 70 95 
QTLM 20 170 13.5 225 140 
QTLM 17 185 16.2 235 150 
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Figure 46. The measured frequency response for a quasi-thickness Lamé mode 
resonator with FP=30 μm. 
5.5 Conclusions 
Quasi thickness Lamé mode is successfully actuated in the thickness of Thin Film 
Piezoelectric on silicon resonators. Anchor quality factor is improved by designing an 
acoustic reflector frame for QTLM TPoS resonators. Higher harmonic QTLM is also 
excited in the cross section of the resonator. The resonators are fabricated on a 16 μm 
thick highly Arsenic doped silicon layer. A quality factor of 23.2 k is measured for the 
fundamental QTLM TPoS resonator at 185 MHz with a measured turn over temperature 
of above 100 °C which is the highest turn-over temperature reported for piezoelectric 
resonators without the need for any additional silicon oxide over layer. Quality factors of 
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12.6 k and 6 k is also measured at 366 MHz and 555 MHz for second and third harmonic 
QTLM TPoS resonator. High measured quality factor with low motional resistance and 
high turn –over temperature makes these resonators great candidate for oven controlled 
oscillator applications. 
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CHAPTER 6: TEMPERATURE COMPENSATION OF TPOS 
RESONATORS USING FLUORINE DOPED SILICON OXIDE 
2 
At room temperature, the thermal coefficient of elasticity (TCE) of silicon dioxide is 
positive [92], a distinctive feature that has been exploited for temperature compensation 
of acoustic resonators [93] [76] [94]. The most straightforward approach for temperature 
compensation using silicon dioxide, is to deposit a layer of silicon dioxide on the 
resonator. However, the silicon dioxide layer is known to cause degradation of the 
functionality (i.e. Q and loss) proportional to the thickness of the required overlay. An 
approach to avoid exceedingly thick oxide layers is to alter the chemistry of silicon dioxide 
in order to achieve larger positive TCE. For example, Fluorine-doped silicon dioxide 
(SiOF) deposited using a C2F6/TEOS chemistry have been found to exhibit TCE values 
larger than pure SiO2 [95]. 
6.1 Temperature Compensation with Silicon Dioxide 
The resonance frequency of lateral-extensional-mode thin film piezoelectric-on-
substrate (TPoS) resonators is a function of the elastic properties of its constituting 
materials. Using the Taylor expansion for the resonance frequency (𝑓0) this relationship 
can be summarized as follows [96]: 
                                            
2 Material used in this chapter is partially taken from the published paper: 
 S. Moradian, S. Shahraini and R. Abdolvand, "Temperature compensation of MEMS resonators using sputtered Fluorine-doped 
silicon dioxide," 2016 IEEE International Frequency Control Symposium (IFCS), New Orleans, LA, 2016, pp. 1-4. 
doi: 10.1109/FCS.2016.7563551 
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𝑓(𝑇) ≈ 𝑓0 ∑
∑
𝑡𝑚
𝑣𝑚
∞
𝑚=1  ×𝑇𝐶𝐹𝑚,𝑛×(𝑇−𝑇0)
𝑛
∑
𝑡𝑚
𝑣𝑚
𝑁
𝑚=1
+ 𝑓0
∞
𝑛=1  ( 6-1 ) 
 
Where 𝑇0 is the temperature corresponding to ݂ 𝑓0 , T is the operating temperature, 
𝑣𝑚 is the speed of sound in the  mth layer, 𝑡𝑚 is the thickness of the mth layer. Here m 
indicates the layer number, and N is the number of layers in the resonator. The nth 
expansion of the TCF can be calculated as follows: 
 
TCF𝑛 =
1
𝑛! 𝑓0
𝜕𝑛𝑓𝑇
𝜕𝑇𝑛
 ( 6-2 ) 
 
The temperature coefficient of frequency (TCF) depends on the compound change 
in the elastic properties and thermal expansion of the layers making up the resonator. In 
the case of the materials in the resonators used in this paper the thermal expansion is 
insignificant in the studied temperature range thus making their contribution to frequency 
shift negligible. With this approximation the TCF can be calculated as [76]: 
 
𝑇𝐶𝐹𝑚,𝑛 = 0.5 × 𝑇𝐶𝐸𝑚,𝑛 ( 6-3 ) 
 
The above equations are not accurate and did not agree with simulation and 
measurement results, furthermore there is no exact equation relating the resonance 
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frequency of a device to the constituting material. Nevertheless, (6-3) can be used as a 
rough guideline on the impact of various factors on the TCF of the resonator. According 
to (6-3) an oxide layer with an improved 
𝑇𝐶𝐸
𝑣𝑚
 ratio compared to pure oxide is desired for 
temperature compensation applications.  
It is already reported that low concentration of Fluorine in SiO2 film could further 
increases its TCE [94]. Negative temperature coefficient of Frequency(TCF) of SAW and 
BAW devices caused by negative TCE of substrates such as ALN and Lithium niobate 
used in BAW and SAW devices respectively, could be reduced or cancel out (if designed 
properly). In these methods SiOF over-layer is deposited on the piezoelectric layer to 
cancel out its negative TCE. 
Incorporation of Fluorine atoms into SiO2 network could cause structural changes. 
High electronegative Fluorine ions could affect strength and length of the Si-O bonds in 
SiO2 network and could cause the enlargement of Si-O-Si bond angle. These structural 
changes could shift Si-O stretching vibrational mode peak in the Fourier transform 
infrared spectra toward higher wave numbers as reported in several studies. The results 
reported in [94] shows that there is a strong correlation between the position of Si-O 
stretching peak and TCE of deposited film. Films with higher TCE have Si-O stretching 
peak with higher wave numbers. It was shown in several studies that Fluorine doped 
silicon dioxide films possess Si-O stretching peak with higher wave number in comparison 
with pure silicon dioxide. 
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Thin film SiO2 exhibits different properties in comparison with bulk silica. These 
properties are closely related to deposition conditions of silicon dioxide films. Chemical 
vapor deposition is one of the methods which mostly used to deposit thin oxide films at 
low temperature. The other method which could be used to deposit Fluorine doped Silicon 
dioxide films is magnetron sputtering. With sputtering a wide variety of parameters such 
as power, substrate temperature, process pressure, target angle and distance between 
target and the substrate could be controlled. As a result, it is easier to control film 
properties with sputtering compared to depositing oxide with CVD. In this study reactive 
magnetron sputtering was used to sputter Fluorine doped SiO2 films. 
NF3 gas is chosen for this work as the doping agent instead of CxFy and SF6 gases 
which were used in several studies, due to its chemical stability and low health hazard 
compared to most other fluorine containing gases. 
6.2 SiOF Structural Composition 
Silicon dioxide possess a tetrahedral network as shown in Figure 47 .Each silicon 
atom is surrounded with four oxygen atoms and only linked through ring structure. n-fold 
rings are the rings with n Si-O-Si folder within the ring. Three and four fold rings mostly 
observed in the Raman spectroscopy of silicon dioxide films as reported in [97]. It has 
been assumed in the early studies of Fluorine doped silicon dioxide films that the 
presence of Si-Fn bonds changes the structural body of silicon dioxide significantly and 
cause transition of Si-O bonding from tetrahedral state SP3 to planar state SP2 and the 
above mentioned transition could cause enlargement of Si-O-Si bond angle and Si-O 
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bond strength. However, it was shown in [98] by molecular orbing modeling, that the 
presence of Fluorine atoms in the structural composition of Fluorine doped silicon dioxide 
does not significantly change structural body of SiOF and Si-O-Si bond angles Figure 48. 
Presence of two Fluorine atoms in the rings structure correspond to approximately 25 at. 
% of Fluorine in the structure of the film. Only minutes’ change observed in the Si-O-Si 
bond with MO modeling which is not in agreement with the practical data. These structural 
changes in the Fluorine doped silicon dioxide film observed as shift and narrowing of Si-
O stretching vibrational peak in Fourier Transform Infrared (FTIR) absorbance Spectrum. 
 
Figure 47. Si atom surrounded with four oxygen atom in a tetrahedral structure in SiO2. 
 
Figure 48. Threefold SiO2 ring in the presence of Fluorine and without Fluorine. 
The above mentioned structural changes are not the effect of Fluorine in the 
deposited film but the effect of highly active Fluorine radicals in the plasma. These active 
Fluorine radicals etch away SiOF film during the deposition process. These Fluorine 
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radicals break the bond of bridging Oxygen in the most strained rings. The probability of 
replacement of Fluorine atom in the place of oxygen is higher in the lower order rings 
since they possess most strained Si-O bond. As the result two n1 and n2 folder rings join 
and create a higher order ring with n1+ n2 -2 folder ring structures as shown in Figure 49. 
The enlargement of Si-O-Si angle could be explained through ring structure changes and 
creation of higher order rings. The above mentioned shift in the stretching vibrational peak 
in FTIR absorbance spectrum could be explained with the enlargement of Si-O-Si angle 
𝜃. 𝜃 increases initially as the number of folders increases in the ring structure and then 
slightly decrease and saturates when the number of folders exceed 7 [98]. It is due to the 
increased flexibility of ring structure. In higher order rings (more than 7 folder), interaction 
between nearest Oxygen atoms determine the ring structure. The enlargement of 
𝜃 creates larger voids in the film. The results are the creation of more porous films with 
smaller density. 
 
Figure 49. Transition of lower order rings to relaxed higher order rings in the presence 
of active Fluorine in the plasma. 
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6.3 Film Preparation 
Fluorine doped SiO2 films are sputtered on 4-inch P-type silicon wafers with <100> 
crystalline orientation. All films were deposited with AJA sputtering system using a 
99.995%, 3’’ silicon dioxide target with Argon used as the ambient gas. Oxygen is added 
to fine tune the stoichiometry of the deposited SiOx films prior to deposition of Fluorine 
doped films. Power, Temperature, process pressure and oxygen partial pressure of 
deposition process were characterized in order to achieve SiO2 films with minimum 
extinction coefficient prior to usage of NF3 in the process. At the end power of 205 W, 
temperature of 150 °C and process pressure of 2.5 mtorr and Oxygen partial pressure of 
2.5% were used to deposit Fluorine doped SiO2 layers. To deposit SIOF film, diluted NF3 
in Ar gas was introduced to the plasma in addition to Ar and O2 gases. Various NF3 partial 
pressure were used to achieve different concentration of Fluorine in the films. To fairly 
compare different films, the substrate temperature, deposition geometry (i.e. target-
substrate distance, gun angle, and substrate rotation speed), power, base pressure, and 
substrate bias voltage are kept constant while the partial pressure of NF3 is varied.  
6.3.1 Refractive Index and Extinction Coefficient 
Thickness, refractive index and extinction coefficient of each Fluorine doped SiO2 film 
were measured at 632 nm wavelength with JAW ellipsometer. As shown in Figure 50,. 
refractive index decreases when NF3 partial pressure increases. As explained in the 
previous section, active Fluorine radicals in the plasma attacks most strained Si-O bonds 
placed in the lower order ring and replace the Oxygen atoms in those bonds and create 
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Si-F termination bonds. Creation of more relaxed Higher order rings could lead to 
enlargement of nano-voids and porosity in the film. Enlargement of nano-voids could 
explain downturn in refractive index by increase of Fluorine concentration in the film. 
 
Figure 50. The Refractive index measured by ellipsometer for films deposited with 
different NF3 partial pressure. 
In fig.2 extinction coefficient is plotted as a function of NF3 partial pressure. As 
seen, K decreases as the Fluorine concentration increases in the film. 
 
Figure 51. The Extinction coefficient of the films deposited with different NF3 partial 
pressure. 
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6.3.2 FTIR Absorbance Spectrum 
In order to plot absorbance spectrum, transmission spectrum of Fluorine doped SiO2 
films were measured by Fourier-transform infrared spectroscopy (FTIR) system. For 
background subtraction, an uncovered silicon wafer was used. Absorbance spectrum of 
the film can be formed with 
𝐴 = −𝑙𝑜𝑔𝑇 ( 6-4 ) 
 
Where T is the transmission spectrum and A is the absorbance spectrum. 
FTIR absorbance spectrum of Fluorine doped SiO2 films with different NF3 partial 
pressure are shown in Figure 52 in the wave number region of 700 Cm-1 to 1400 Cm-1 
with a pitch of 3.85 Cm-1. As reported in several studies, transverse optical (TO) phonon 
modes of SiO2 films are located at 450 Cm-1 and 800 (W3) Cm-1 and 1070 (W4) Cm-1 
which correspond to rocking, bending and stretching vibrational mode of a typical Si-O 
bond respectively. Two of these peaks can be seen in the wave number region shown in 
Figure 52.  
For Fluorine doped SiO2 films, FTIR absorbance spectrum exhibit a stretching 
mode peak for Si-F bonds around 940 Cm-1. IR absorption for Si-F stretching mode is 
increased in the film deposited with higher NF3 partial pressure during deposition. As a 
result of Fluorine incorporation, Si-O stretching mode peak position shifts toward higher 
wave numbers. As Fluorine concentration increases in the film (Si-F stretching peak 
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becomes more intense), this peak shifts toward higher wave numbers and becomes 
narrower (FWHM decreases).  
 
Figure 52. The normalized FTIR spectrum measured for different sputtered silicon oxide 
layers. 
The peak shift for different levels of doping is a proof of depositing Fluorine doped 
silicon dioxide films using NF3/O2/Ar chemistry. An increase in both the shift of the Si-O 
stretching peak and height of the Si-F stretching peak correspond with an increased level 
of doping.  
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6.3.3 SIMS Measurements 
Doping concentration was measured using Secondary ion mass spectrometry 
(SIMS) and the results are shown in Fig.2. In this figure thickness is measured from the 
film surface. The maximum doping level achieved was 5.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚3. This data 
shows that the fluorine concentration increases monotonically with NF3 partial pressure 
in the studied partial pressure range. The fluorine concentration increases slightly with 
depth, for the 0.47% NF3 partial pressure sample, while it peaks and then drops for the 
samples with higher partial pressure. 
 
Figure 53. The Fluorine concentration profile measured for different sputtered Fluorine 
doped SiO2. 
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6.4 TPoS Resonators Passive Temperature Compensation with Fluorine Doped 
Silicon Oxide Over Layer 
Pure oxide and Fluorine-doped silicon dioxide films were deposited on  0.5 μm AlN-
on- 3 μm diamond resonators [99]. The schematic of the resonator is shown in Figure 54. 
The top metal interdigitated fingers enables efficient excitation of the first and the third 
lateral-extensional mode shapes (Figure 55). For this work we have used these 
resonators for their relatively thin substrate to enhance the effect of the overlay oxide on 
the overall TCF. 
 
Figure 54. The schematic of TPoS resonators used for Fluorine doped oxide over layer 
deposition. 
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Figure 55. The stress field for the first order (a) and third order (b) Lateral extensional 
mode. 
The frequency response of the resonators before and after deposition of a thin 800 
nm film of pure oxide and 570 nm of fluorine-doped (6 at.%) oxide are reported in Figure 
56. For both films the quality factor decreased after silicon oxide film deposition. 
 
Figure 56. The frequency response of the TPoS resonators with and without oxide for 
(a) Fluorine doped silicon oxide and (b) pure silicon oxide. 
The frequency drift for the TPoS resonators without any silicon oxide layer, with 
pure sputtered and PECVD silicon oxide and with two different level of Fluorine in the 
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oxide film is measured and plotted in Figure 57. Resonators with Fluorine doped silicon 
oxide have almost two times better temperature stability over the measured temperature 
range. 
 
Figure 57. The measured frequency drift for LE TPoS resonators with different silicon 
oxide over layer. Resonators with Fluorine doped oxide over layer has almost two times 
better temperature stability over the measured temperature range. 
6.5 Conclusions 
Fluorine doped silicon oxide layers are successfully sputtered over TPoS resonators 
for passive temperature compensation using NF3/Ar chemistry. The sputtered silicon 
oxide films are thoroughly characterized with FTIR, SIMS and films with 4 and 6 at.% of 
Fluorine are deposited on LE TPoS resonators. A twice smaller TCF is measured over 
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temperature range of 20 °C to 80 °C for the devices with Fluorine doped silicon oxide 
compared to the devices with Pure sputtered and PECVD silicon oxide over layer. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS 
7.1 Accomplishments 
In this dissertation we focused on the optimization of MEMS resonators for ultra-
stable high frequency oscillator applications. Thin film piezoelectric on substrate is used 
as a platform for the resonator designs. The resonators are fabricated on single crystalline 
silicon with different doping level and different thickness and solutions are proposed and 
implemented for the resonator design to improve both deterministic a (temperature 
stability of the resonators) and non-deterministic (improving resonators quality factor) 
stability of the oscillator.  
First we improved the quality factor by an order of magnitude for breathing mode 
disc resonators. For these resonators, anisotropy of single-crystalline silicon (SCS) is 
exploited to enable side-supported radial-mode thin-film piezoelectric-on-substrate 
(TPoS) disk resonators. In contrast to the case for isotropic material, it is demonstrated 
that the displacement of the disk periphery is not uniform for the radial-mode resonance 
in SCS disks. Specifically, for high-order harmonics, nodal points are formed on the 
edges, creating an opportunity for placing suspension tethers and enabling side-
supported silicon disk resonators at the very high-frequency band with negligible anchor 
loss. In order to thoroughly study the effect of material properties and the tether location, 
anchor loss is simulated using a 3-D perfectly matched layer in COMSOL. Through 
modeling, it is shown that eighth-harmonic side-supported SCS disk resonators could 
potentially have orders of magnitude lower anchor loss in comparison to their 
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nonocrystalline diamond (NCD) disk resonator counterparts given the tethers are aligned 
to the [100] crystalline plane of silicon. It is then experimentally demonstrated that in TPoS 
disk, resonators fabricated on an 8-μm silicon-on-insulator (SOI) wafer, unloaded quality 
factor improves from ~450 for the second-harmonic mode at 43 MHz to ~11500 for the 
eighth-harmonic mode at 196 MHz if tethers are aligned to [100] plane. The same trend 
is not observed for NCD disk resonators and SCS disk resonators with tethers aligned to 
[110] plane. Finally, the temperature coefficient of frequency is simulated and measured 
for the radial-mode disk resonators fabricated on the 8-μm-thick degenerately n-type 
doped SCS, and the TFC data are utilized to guarantee proper identification of the 
harmonic radial-mode resonance peaks among others. 
 Next, Fluorine doped SiO2 layers were deposited on silicon wafers by reactive 
magnetron sputtering with NF3/Ar/O2 chemistry. Different NF3 partial pressure from 0% to 
0.97% were used to form films with various Fluorine Concentration. Fluorine 
concentration of deposited films were characterized by measurements of the area of Si-
F stretching vibrational mode peak relative to Si-O stretching mode peak in Fourier 
transform Infrared (FTIR) absorbance spectrum. Relation between Fluorine atom count 
in the films and NF3 partial pressure was studied by Secondary Ion Mass Spectrometry 
(SIMS). Atom count of Fluorine increased when NF3 partial pressure increased in the 
deposition process. optical properties and FTIR absorbance spectrum of the films are 
measured. This fluorine doped silicon oxide film is deposited as an over layer on TPoS 
resonators and frequency drift almost half of what was achieved with pure oxide is 
measured for these resonators. 
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Finally, Thickness-Lamé (TL) mode piezoelectrically-transduced silicon resonators 
are studied and demonstrated. It will be shown that unlike Planar-Lamé resonance 
modes, Thickness-Lamé modes could be efficiently excited using sputtered 
polycrystalline piezoelectric films such as Scandium Aluminum Nitride (ScAlN) as both 
d31 and d33 piezoelectric coefficients of ScAlN constructively contribute in the coupling 
coefficient. Moreover, it is shown through finite element analysis and experimental results 
that the coupling coefficient improves with the order of the TL harmonic mode excited in 
a silicon slab. It is also shown that the quality-factor of TL resonators substantially 
enhances through utilization of properly-designed acoustic reflectors (i.e. acoustic 
isolation frames) around the tethered resonator block. Temperature coefficient of 
frequency is also modeled using finite-element eigen-frequency analysis. It is shown that 
the turn-over temperature of resonators aligned to <100> plane of a degenerately-doped 
n-type silicon substrate varies considerably as the mode shape transitions from a 
Thickness- Lamé to a Lateral-Extensional mode by varying the electrode size (i.e. finger 
pitch). A record Q of 23.2k is measured for a ~185MHz fundamental TL resonator in 
vacuum (fxQ=4.3x1012) while quality factors of 12.6k and 6k are also measured in vacuum 
for second and third harmonic TL resonators at 326 MHz and 555 MHz respectively. The 
combination of turn-over temperatures of above 80 °C, high quality factor, and low 
motional resistance, promises the suitability of such resonators for extremely-stable oven-
controlled oscillator applications. 
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7.2 Future Research 
Thickness Lamé mode TPoS resonators are demonstrated here for the first time and their 
high quality factor, high turn-over temperature and low motional resistance makes them 
great candidates for Oven controlled applications.  
One potential research is to demonstrate an ovenized oscillator using the QTLM 
TPoS resonators presented in this dissertation. To further improve the power 
consumption of the oscillator, the doped resonator silicon body can be used as a heater 
and the temperature sensor at the same time. A DC current will be passed through highly 
doped silicon body and temperature will be sensed by measuring the resistance of the 
resonance body. 
 
Figure 58. The Schematic of the proposed ovenized TPoS oscillator. 
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Another research opportunity is to design high frequency (GHz range) QTLM on 
AlN / Si platform. For high frequency resonator, if the thickness of the piezoelectric film 
approaches half wavelength of the thickness Lamé mode, the electromechanical 
coupling efficiencies could be improved significantly. 
 
 
Figure 59. The proposed high order QTLM TPoS resonator. 
As reported in [16], <110> aligned Lamé on highly p-type doped silicon offers 
less than 150 ppm frequency drift over the full temperature range. The proposed high 
frequency resonators could be fabricated on the highly p-type doped silicon wafer for 
passive temperature compensation. 
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In general, QTLM TPoS resonators could be designed and implemented on LiNbO3 
platform for improved coupling efficiencies. However, large negative TCF of LiNbO3 
could increase the TCF of the TPoS resonator. 
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